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ABSTRACT 
This investigation examined the feasibility of using free-water surface constructed 
wetland systems (CWTSs) to decrease the ammonia concentration in oil-field produced 
water. The objective of this research was to design constructed wetland experiments to 
determine specific conditions that decrease aqueous ammonia concentrations in simulated 
oilfield produced water. The design of these experiments was based on biogeochemical 
pathways of nitrification and denitrification. The experiments included three scales: 
bench-scale, single-cell, and pilot-scale. Bench-scale reactors contained wetland plants 
(Typha latifolia) and hydrosoil in 5-gallon buckets. Single wetland cells were constructed 
by adding hydrosoil and plants (T. latifolia and Schoenoplectus californicus) to 70-gallon 
containers. The pilot-scale CWTS included four constructed wetland series, each 
consisting of four cells. One series was designed as a control system, and the other three 
series were designed to test the effects of aeration and organic matter on ammonia 
removal.  
Data from bench-scale experiments indicate that ammonia removal was enhanced 
by the addition of zeolite, organic matter, and shallow (3 to12 inches) water depth. In the 
single-cell experiments, ammonia removal was enhanced by the addition of sugar to the 
water as a carbon source for microbial activity. Ammonia removal ranged from 3.3 to 
82.6% in the single-cell experiments, with total nitrogen removal of 1.2 to 53.6%. In the 
pilot-scale CWTS, ammonia removal ranged from 19.2 to 62.5%, and ammonia 
concentration decreased from 25 mg/L to 7.92 mg/L. To enhance the removal efficiency, 
sucrose and oyster shells were added to promote conditions favorable for the removal 
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processes in a redesigned pilot-scale CWTS. The redesigned pilot-scale CWTS achieved 
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  INTRODUCTION 
1.1 Background 
As fresh water availability continues to be an important issue in the 21st century, 
research into the wise use of this essential natural resource becomes crucial. Climate 
change and desertification are creating stress on the water supply, with the growing 
population, urbanization, and industrialization of the world exacerbating the situation 
(Rodgers and Castle, 2008). Although abundant clean water is present in some locations, 
these are often far from where it is needed. If water from energy production and 
manufacturing can be treated for reuse, these sources can provide an important new 
supply.  
Produced water is water trapped in underground formations that is brought to the 
surface along with oil or gas when these energy resources are developed (Veil et al., 
2004). It is the largest volume of waste associated with oil and gas production. The 
American Petroleum Institute (API) estimated that an average volume of 77 billion 
barrels of produced water was generated worldwide for 1999. Due to the large volume 
and variable toxicity levels of contaminants or constituents in produced water, the 
management of produced water presents challenges to operators (Veil et al., 2004). 
Produced waters contain a variety of chemicals from the geological formations in which 
they have resided for millions of years. These chemicals, when present in high 
concentrations, can present threats to aquatic life or crops when the waters are discharged 
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or used for irrigation. One such chemical is ammonia, which varies widely in 
concentration in produced waters (Ganesh et al, 2006). Ammonia is of particular concern 
in produced waters because it passes through reverse osmosis membranes (Ganesh et al., 
2006), thus requiring further treatment.  
Ammonia nitrogen comes in two forms: the ion form ammonium (NH4+) which is 
not potently toxic, and the gas form ammonia (NH3) which is potently toxic. Ammonia 
does not usually cause problems for humans and other mammals because they have 
specific mechanisms that prevent its buildup in the bloodstream. However, ammonia is 
highly toxic to aquatic animals even at dilute concentrations. Previous research involving 
seven-day toxicity tests with Mysidopsis bahia and Cyprinodon variegatus found that 
ammonia in produced water was a possible factor causing toxicity (Moffitt et al., 1993). 
Effluent limits for ammonia were developed by the US EPA and describe the pollutant’s 
appropriate quantity or concentration.  
An appropriate option for managing a specific produced water must consider 
several factors including site location, regulatory acceptance, technical feasibility, cost, 
and availability of infrastructure and equipment (Veil et al., 2004). Constructed wetland 
treatment systems (CWTSs) offer an alternative to traditional wastewater treatment plants 
(Mitsch and Gosselink, 2000). CWTSs mimic processes of natural wetlands. Constructed 
wetlands may include multiple treatment pathways and offer a natural and cost-effective 
option for treating contaminated water. They can transform and transfer constituents of 
concern into less bioavailable forms and remove them from the water body. 
Transformations include photolysis, hydrolysis, speciation and ionization, oxidation, 
 
 3 
reduction, biotransformation, and biodegradation. Transfers include sorption, 
volatilization, precipitation, settling, sedimentation, and bioconcentration (plant uptake) 
(Rodgers and Castle, 2008). Research into these systems usually begins by constructing a 
pilot-scale CWTS. Pilot-scale studies provide essential information and important results 
such as: 1) thorough testing of hypotheses in using a system that measures performance 
under various conditions; 2) instilling confidence in potential owners regarding the 
performance of these systems; 3) ensuring regulatory approval and decreasing the time 
and effort needed to meet treatment goals; and 4) providing rate coefficients and extents 
of removal to improve full-scale design (Rodgers and Castle, 2008). 
Bench-scale and single cell mesocosm experiments using constructed wetlands 
were designed and completed to develop design parameters for utilizing biogeochemical 
processes for treating ammonia in constructed wetland systems. A pilot-scale CWTS was 
designed and constructed based on biogeochemical pathways identified to treat ammonia. 
Results from bench-scale experiments were also incorporated into the pilot-scale CWTS 
design. 
1.2 Organization of Thesis: 
This thesis has four chapters including the Introduction (Chapter 1) and the 
Conclusions (Chapter 4). The body of the thesis consists of two independent chapters, 
which are in manuscript format. 
The two body chapters are: 
Chapter 2 Bench-Scale and Single Cell Experiments for Reducing Ammonia 
Concentration in Simulated Oilfield Produced Water. 
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Chapter 3: Design and Performance of a Pilot-Scale Constructed Wetland Treatment 
System for Removing Ammonia from Simulated Post Reverse Osmosis Produced Water. 
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The objective of this research was to design bench scale and single cell 
constructed wetland experiments to determine specific conditions that decrease aqueous 
ammonia concentrations in simulated oilfield produced water. Bench-scale reactors 
contained wetland plants (Typha latifolia) and hydrosoil in 5-gallon buckets. Single 
wetland cells were constructed by adding hydrosoil and plants (T. latifolia and 
Schoenoplectus californicus) to 70-gallon containers. The design of these experiments 
was based on biogeochemical pathways of nitrification and denitrification. Both reactors 
and cells were built to create conditions required for these processes.  
Data from bench-scale experiments indicate that ammonia removal was enhanced 
by the addition of zeolite, organic matter amendment, and shallow (3 to12 inches) water 
depth. In the single-cell experiments, ammonia removal was enhanced by the addition of 
sugar to the water as a carbon source for microbial activity. Sugar was added to the cells 
at concentrations of 0.1, 0.2, 0.3, and 0.4 g/L. Ammonia removal ranged from 3.3 to 
82.6% in the single-cell experiments, with total nitrogen removal of 1.2 to 53.6%. The 
greatest removal of both ammonia and total nitrogen occurred in the cell with sugar 
added at the concentration of 0.4 g/L.  
 
2.2 Introduction 
As fresh water availability continues to be an important issue in the 21st century, 
research into the wise use of this essential natural resource becomes crucial. Climate 
change and desertification are creating stress on the water supply, with growing 
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population, urbanization, and global industrialization exacerbating the situation (Rodgers 
and Castle, 2008). Although abundant clean water is present in some locations, these are 
often far from where it is needed. If water from energy production and manufacturing can 
be treated for reuse, these sources can provide important new supply.  
Produced water is water trapped in underground formations and brought to the 
surface along with oil or gas. Produced water is the largest volume byproduct associated 
with oil or gas extraction (Veil et al., 2004). Produced water represents approximately 98 
percent of non-energy related fluids produced from oil and gas operations, yielding 
approximately 15 - 20 billion barrels of water (Clark and Veil, 2009) annually in United 
States. Management of produced water presents    challenges and costs to operators. 
Produced water contains constituents of concern such as salts, oil and grease, inorganic 
and organic compounds, and chemical additives used in drilling (Clark and Veil, 2009). 
The most prevalent method of handling oil field produced water (OPW) is to inject it into 
deep wells. Since deep well injection may increase reservoir pressure and cause other 
negative effects, regulation is becoming stringent (Veil, et al., 2004). Beneficial use of 
OPW has become a water management option for regulators, operators, and landowners. 
Treatment of OPW can provide additional water supply for specific uses in water-poor 
areas (Ganesh et al., 2006).  
A constituent requiring treatment associated with many OPWs is ammonia (NH3), 
which forms principally from ammonium (NH4+) as follows:  
NH4+  → NH3 + H+                                                                                                                         (2.1) 
The reaction between ammonium and ammonia is dependent on factors such as 
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pH and pressure. Ammonium salts, including ammonium chloride, ammonium sulfate, 
and ammonium bicarbonate, occur naturally in soils and subsurface geological 
formations, including those that contain oil reservoirs. The aqueous solubility of 
ammonium is greater than that of ammonia (Dasgupta and Dong, 1986), and therefore 
ammonium occurs in higher concentrations than ammonia in waters. Concentrations of 
ammonium (NH4+) in OPW are highly variable (Veil et al., 2004). Ammonia (NH3) may 
be formed by bacterial degradation of organo-nitrogen compounds in the geological 
formation or during storage of produced water (Veil et al., 2004). Ammonia has high 
volatility (Neff, 2001) and can cause deleterious effects to aquatic systems and soil 
environments by altering chemical and biological characteristics (Neff, 2001). It is highly 
toxic to aquatic animals (US EPA, 2009). 
Many of the constituents in OPW can be treated effectively using constructed 
wetland treatment systems (CWTSs) (Myers, 2000; Murray Gulde et al., 2003: Kanagy et 
al., 2008). The purpose of CWTSs was to reduce concentrations of constituents of 
concern (COCs) to levels for discharge and reuse. COCs are identified based on physical 
and chemical composition, concentrations, NPDES permits, water quality criteria, and 
toxicity data from literature or laboratory testing. Constructed wetlands can mimic natural 
wetlands using design components customized to promote specific biogeochemical 
pathways to remove COCs in impaired waters (Mitsch and Gosselink, 2000). Wetlands 
can transform atmospheric nitrogen gas into an organic form using plants and 
microorganisms. When nitrogen content is excessive in the water and sediment, wetlands 
can return nitrogen to the atmosphere through nitrification and denitrification (Figure 1; 
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Gambrell and Patrick, 1978). CWTSs are cost effective, relatively maintenance-free, and 
environmentally friendly alternatives to traditional water treatment (Rodgers and Castle, 
2008). Constructed wetlands include two types: subsurface flow (SSF) wetlands and free 
water surface (FWS) wetlands (Rodgers and Castle, 2008). The choice between SSF and 
FWS depends on the characteristics of water being treated, the desired biogeochemical 
conditions, and the treatment goals.  
A full-scale CWTS in San Ardo, California, receives OPW that has been 
pretreated by reverse osmosis (RO), but because of their small size, ammonium ions pass 
through the RO membrane. The inflow water of the full-scale CWTS contains 
ammonium at a concentration of 20 to 24 mg/L, with the target of reducing ammonium 
concentration to less than 3 mg/L and total nitrogen concentration to less than 5 mg/L. 
These target concentrations will meet water discharge and reuse criteria. The San Ardo 
CWTS encompasses a total area of 15 acres and has the capacity to treat 50,000 barrels of 
post-RO water daily. This water passes through three parallel constructed wetlands, each 
5.05 acres in size. Then the water flows into two parallel retention basins, each of which 
has a size of 7.5 acres. The plants in the constructed wetlands, Typha latifolia (cattail), are 
green and healthy even with the influent of ammonium-enriched water. The plants reach a 
height between 8 and 14 feet, and have a biomass greater than 100 tons per acre in wet 
weight. Water depth in the San Ardo CWTS is 12 inches, and hydraulic retention time 
within the wetland is 2.0 to 2.3 days. The pH of the influent water ranges between 8.0-
8.5, and alkalinity is less than 40 mg/L. The weather at San Ardo is mild, with an average 
of 281 sunny days per year. This area receives 12 inches of rain per year and no snowfall. 
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The field temperature can reach 100°F in summer and seldom drops below 40°F in 
winter. 
The primary goal of this research was to provide data that will contribute to 
effective treatment for ammonia in the San Ardo full-scale CWTS. Bench-scale and FWS 
single-cell experiments were designed and completed to develop design parameters for 
utilizing biogeochemical processes for treating ammonia in CWTSs. Specific objectives 
of the investigation were: 
1. Identify potential pathways for decreasing aqueous concentration of 
ammonia; 
2. Design, construct, and measure performance in bench-scale 
experiments; 
3. Design, construct, and measure performance in single-cell experiments. 
Results from the bench-scale and single-cell investigation of potential pathways 
for decreasing aqueous ammonium concentrations were applied in a subsequent study to 
design pilot-scale CWTS experiments. 
2.3  Methods 
2.3.1 Identify Pathways for Ammonia Removal 
Previous studies of ammonia fate and treatment were reviewed to identify 
potential pathways for ammonia removal. Because of the importance of biogeochemical 
pathway-driven processes in the effective operation of CWTSs (Rodgers and Castle, 
2008), bench-scale and single-cell experiments were designed based on biogeochemical 
theory and macrofeatures such as hydrosoil, plants, and hydraulic retention time (HRT).  
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2.3.2 Bench-Scale Experiments 
The purpose of the bench-scale experiments was to obtain data useful in design of 
constructed wetland cells for reduction of aqueous ammonia concentrations through the 
processes of nitrification and denitrification. The bench-scale experiments were designed 
based on targeted operating conditions for nitrification and denitrification, which occur 
when treatment processes/pathways are functioning or treatment performance goals are 
being met. These conditions include temperature, pH, dissolved oxygen (DO), redox 
potential, and organic carbon (Gambrell and Patrick, 1978) (Table 1). Design factors for 
bench-scale experiments included: 1) water depth; 2) organic matter amendments; 3) 
harvesting to remove nitrogen in the biomass; and 4) sorption material (e.g. zeolite) 
amended to the hydrosoil (Table 2).  The experiments were done in April and May, 2008, 
at Clemson University. 
Bench-scale reactors were assembled in 12-inch diameter (5 gallon) plastic 
containers. The experiments included 9 sets of reactors, with 3 replicate of identical 
design in each set (Table 2). Each reactor contained several inches of river sediment 
amended with 35 g dried Typha latifolia. Each reactor was planted with five T. latifolia 
plants and amended with non-nitrogen fertilizer (N-P-K: 0-20-20). Bench-scale 
experiments included four different water depths: 3, 6, 12, and 18 inches. To provide a 
carbon source for microbial activity, 70 g of organic matter in the form of dried T. 
latifolia was added to reactor set 3 and 105 g to reactor set 4. To examine the effect of 
plant uptake on ammonia removal during growth, plants were clipped (harvested) at 4 
inches above the water surface in reactor set 6 on day 7 and in reactor set 7 on day 30. 
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The clippings were discarded. Plants in the other reactors were not harvested at any time 
during the experiments. Thirty-five grams of zeolite contained in a plastic mesh bag was 
placed at the sediment-water interface reactor set 5.   
The reactors were allowed to acclimate for 7 days (days 1-7) with 4.0 L of 
municipal water in each reactor. On day 7, stock solutions prepared with ammonium 
chloride salts (Fisher Scientific, Inc.) were added to each reactor to achieve a nominal 
concentration of 20 mg/L as NH3-N. The water in each reactor was then sampled and 
analyzed for ammonia and nitrate concentrations. Subsequent samples were collected and 
analyzed on days 15, 23, 28, and 32. After each sampling, 50% of the overlying water 
was replaced with water containing a nominal concentration of 20 mg/L as NH3-N. 
Samples were collected in 100-ml bottles from each of the reactors and analyzed for 
ammonia (Table 4). 
Percent removal was calculated using equation 2.2:  
  Removal (%) = (1- Ct/C0)*100                                                               (2.2) 
Where C0 is concentration of the COC (ammonia for the bench-scale experiments 
and both nitrogen and ammonia for the single-cell experiments) in the water introduced 
to wetland cells (pre-treatment); Ct is concentration of the COC in aqueous samples 
collected after treatment. Removal rate coefficient (k) was calculated using a first-order 
rate equation (equation 2.3).  
      k = - ln (Ct/C0)/t                                                                                     (2.3) 




2.3.3 Single-Cell Experiments 
The single-cell experiments assessed the effect of sugar (sucrose) as an additional 
carbon source for microbial activity on denitrification. Four wetland cells were built in 
70-gallon Rubbermaid utility tubs, and filled to a depth of 12 inches with local river sand 
(18 Mile Creek sediment) (Figure 2). Cells 1 and 2 (Table 3) were planted with 
Schoenoplectus californicus (Bulrush), and Cells 3 and 4 with T. latifolia (Cattail). Water 
depth in the cells ranged from 7 to 8 inches, depending upon root growth and the uneven 
sediment surface. The cells were constructed outdoors in December 2008 and then moved 
into a temperature-controlled (average 26°C air, 21.5°C water) greenhouse prior to 
beginning the experiments. Simulated produced water was formulated at a targeted 
ammonia concentration of 25 mg/L. Simulated produced water was prepared in a 1500 
gallon polypropylene basin with Clemson city tap water amended with ammonium 
chloride (Fisher Sci.). Adjustable ceramic piston pumps (FMI Inc.) delivered simulated 
produced water to pilot-scale CWTS. 
The HRT in each cell was maintained at 48 hours from the beginning of the 
experiments to March 5 and at 96 hours after March 5.  For the 96-hour HRT, SPW was 
pumped into each cell for 48 hours, and then the pump was shut off for 48 hours, after 
which the cycle began again.  
All four cells were amended with aeration using air pumps. Sugar (sucrose) in 
solid form was added as a carbon source to each cell after each HRT. The amount (g) of 
sugar added to each cell was calculated as a ratio to the flow rate: 0.1 (g·min)/L for Cell 
1, 0.2 (g·min)/L for Cell 2, 0.3 (g·min)/L for Cell 3, and 0.4 (g·min)/L for Cell 4 (Table 
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3).  Oyster shells were added to each cell twice each month from January to March to 
buffer pH.  
Samples were collected on January 2 for experiment 1, February 19 for 
experiment 2, March 20 for experiment 3, and March 24 for experiment 4. Samples were 
collected from the inflow and outflow of each cell by using 1L bottles and analyzed for 
general water chemistry as well as ammonia and total nitrogen concentrations. General 
chemistry parameters included: temperature, dissolved oxygen (D.O.), pH, conductivity, 
alkalinity, and hardness (Table 4). Ammonia concentration was measured by standard 
method (4500-NH3 D) utilizing an Orion ammonia electrode model 95-12 (Table 5). Total 
nitrogen was measured by a colorimetric method (HACH®-modified from Standard 
Methods: 4500-N C). Nitrate was measured by a colorimetric method (HACH®-modified 
from Standard Methods: 4500-NO3 C) in experiments 3 and 4. Removal percents were 
calculated for ammonia and nitrogen (equation 2.2), and removal rate coefficients were 
calculated for ammonia (equation 2.3). 
Microbial activity was measured by Biological Activity Reaction Tests (BARTs) 
in water samples collected at 3 inches below the water surface from each cell.  This test 
monitors the population size of specific groups of bacteria. Two groups of microbes were 
tested by BART: nitrifying bacteria (N-BART test), and denitrifying bacteria (DN-BART 
test).  
 
2.4  Results 
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2.4.1 Pathways for Ammonia Removal 
In wetlands, ammonium ions in sediments may have several fates: sorption, 
volatilization as ammonia, plant uptake, and nitrification-denitrification (Figure 1) 
(Gambrell and Patrick, 1978). As a cation, ammonium may be sorbed by ion exchange to 
colloidal mineral and organic matter in soil. Although volatilization can be a pathway for 
ammonia removal from water with a basic pH (Gambrell and Patrick, 1978), 
volatilization is not a preferred pathway of ammonia removal in this study.  
Inorganic nitrogen (ammonium) dissolved in water can be assimilated by plants to 
build plant tissue, and may account for up to 10% of ammonia removal (Bachand and 
Horne, 2000). The uptake rate normally ranges from a few grams to 35 grams nitrogen 
per square meter of wetland per year with values rarely up to 100 grams (Bowden, 1987). 
Factors affecting plant uptake rate include: plant species, geographic location, seasonal 
variation, and nutrient availability. Kadlec and Wallace (2008) found that cattails (Typha 
latifolia) have a higher uptake rate than bulrush (Schoenoplectus californicus), and the 
highest rate occurs in early spring when the plants are developing new shoots.  
Ammonium in a surface-oxidized soil or sediment layer is readily oxidized by 
nitrifying chemoautotrophic bacteria, first to nitrite by Nitrosomonas (equation 2.4), then 
to nitrate by Nitrobacter (equation 2.5; Figure 2) (Gambrell and Patrick, 1978; Porter and 
Sanchez, 1994).  
 NH4+ + 1.5 O2 → NO2- + 2H+ + H2O                                                    (2.4)  
 NO2- + 0.5 O2 → NO3-                                                                          (2.5)  
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The reactions are generally coupled and proceed rapidly to produce nitrate (Porter and 
Sanchez, 1994); therefore, nitrite levels at any given time are usually low. Nitrosomonas 
and Nitrobacter are very sensitive to their environment, responding to changes in 
substrate and product levels.  
Following nitrification (equations 2.4 and 2.5), the nitrate can be reduced by 
microbial denitrification and converted to nitrogen gas under anoxic conditions (equation 
2.6) (Gambrell and Patrick, 1978). 
6NO3- + 5CH3OH → 5CO2 + 3N2 + 7H2O + 6OH-                               (2.6)  
Denitrification occurs under conditions of low dissolved oxygen and low redox. Organic 
matter serves as an electron donor for the microbial activity. Nitrification and 
denitrification are the dominant processes in treating ammonia and nitrogen in wetlands 
(Porter and Sanchez, 1994), and were therefore the focus of this investigation.  
2.4.2 Bench-Scale Experiments 
Based on ammonia removal rate coefficients for the bench-scale experiments 
(Table 6), treatment factors enhancing nitrogen removal include zeolite, addition of 
organic material (dried T. latifolia), and three-inch water depth. Ammonia removal 
ranged from 51 to 99%.  
In the reactors containing zeolite, ammonia concentrations were below 5 mg/L (or 
non-detectable) for the 15, 23, and 28 day sampling periods (Figures 4, 5, and 6), and 
between 5 and 10 mg/L for the 32 day sampling period (Figure 7). These results suggest 
that sorption by zeolite enhances ammonia removal from the water column. However, 
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zeolite is likely to require periodic replacement for sustained ammonia removal. 
Organic matter added to the reactors also increased ammonia removal (Table 6). 
The treatment of 105 grams of organic matter resulted in ammonia removal ranging from 
45.2 to 100%, and the treatment of 70 grams organic matter resulted in ammonia removal 
ranging from 0 to 100%. Mean ammonia removal rate coefficient (day 7 through day 32) 
was 0.177 day-1for late harvest of plants, which was slightly greater than that for early 
harvest (0.162 day-1) (Table 6). 
Ammonia removal was greater with water depths of 3, 6, and 12 inches (5.5 to 
100% removal) than with water depth of 18 inches (4.8 to 40.2%). The greatest removal 
rate coefficient (0.328 day-1) was with a water depth of 3 inches, which is attributed to 
nitrification favored by shallow water depth promoting aerobic conditions. 
 
2.4.3 Single-Cell Experiments 
         Ammonia removal ranged from 3.3 to 82.6% (Table 7), and total nitrogen 
removal ranged from 1.2 to 53.6% in the single-cell experiments. Wetland cell 4, which 
was amended with sugar (sucrose) at a concentration of 0.4g/L, achieved the greatest 
ammonia removal (50.8 to 82.6%) in all four single-cell experiments, with ammonia 
concentration in outflow as low as 4.3 mg/L and the nitrate concentration as low as 10.8 
mg/L. 
         In experiment 1, ammonia removal in all four cells ranged from 3.3 to 
76.3% with ammonia concentration of 5.9 mg/L in outflow. Ammonia removal was 
76.3% in cell 4 with sugar added at a concentration of 0.4 g/L. Total nitrogen removal 
 
 18 
ranged from 19.2 to 53.6% in experiment 1, and the concentration of total nitrogen in cell 
4 was 10.5 mg/L. 
 In experiment 2, ammonia removal in four cells ranged from 33.9 to 
62.2%, and total nitrogen removal ranged from 23.5 to 40.4% (Table 7). The highest 
percent ammonia removal (62.2%) in this experiment occurred in cell 4 with sugar added 
(0.4 g/L) and with the highest pH (6.72-7.51) (Table 8).  
 Ammonia removal in experiment 3 ranged from 29.9 to 78.6 %, and total 
nitrogen removal ranged from 23.2 to 73.9 %. The greatest ammonia removal (82.6%) 
among any of the 4 single-cell experiments occurred in cell 4 of experiment 4 with a 96-
hr HRT. In experiment 4 outflow concentration of ammonia was 5.7 mg/L in cell 3 and 
4.3 mg/L in cell 4 (Table 7).  
Water chemistry changed from experiment 2 to experiment 4 as follows: 1) D.O. 
decreased from 9.21-9.67 to 0.48-3.74 mg/L; 2) pH decreased from 6.72-9.51 to 6.36-
6.87; 3) alkalinity increased from 44-80 to 160-204 mg/L as CaCO3, and 4) hardness 
increased from 58-125 to 160-204 mg/L as CaCO3 (Table 8). Total nitrogen removal did 
not increase, which led to high nitrate concentrations (up to 17.3 mg/L) in cells 3 and 4 
(Table 7).  
The mean ammonia removal rate coefficient (averaged for each cell over the 4 
experiments) increased with the increase in sugar concentration added to the cells (Table 
9). Cell 1, with the lowest sugar concentration of 0.1 g/L, had the lowest mean removal 
rate coefficients (0.02-0.21 d-1). Cell 4, with the highest sugar concentration (0.4 g/L), 
had the highest mean ammonia removal rate coefficients (0.18-0.72 d-1). 
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BART test results showed that denitrifying bacteria were active within the water 
column of cell 1, but not within the water column of other cells (Table 10). Nitrifying 
bacteria in cell 1 occurred at a level of 1,000 cfu/mL and denitrifying bacteria at a level 
of 50,000 cfu/mL. Bacteria were below the detected limit in the other cells.  
 
2.5  Discussion 
Nitrification and denitrification were identified as the preferred pathways for 
decreasing concentrations of ammonia and total nitrogen in wetland cells. These 
microbial processes can transform ammonium to non-toxic nitrogen gas, which is 
released to the atmosphere. The results of this study indicate that nitrification and 
denitrification can remove more than 50% of the nitrogen from water.  
Bench-scale tests confirmed the feasibility of using CWTSs for ammonia removal 
and helped provide design criteria for the single-cell experiments. Results from bench-
scale experiments showed that ammonia removal was greater for water depths of 3, 6, 
and 12 inches than for a water depth of 18 inches. This is because nitrification needs 
aerobic conditions, which are favored by shallow water depth. Amended organic matter, 
which served as a carbon source and electron donor, enhanced ammonia removal. Zeolite 
improved ammonia removal, which indicates sorption is a subordinate pathway for 
removal. Ammonia removal was greater after late harvest than after early harvest, which 
is attributed to plant uptake because all other conditions were the same. Plants were likely 
to have been growing at a greater rate at the time of late harvest (day 32, which was in 
May) compared with early harvest (April).  
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Increased removal of ammonia occurred with the addition of sugar (sucrose) as a 
carbon source in the single-cell experiments. Sugar served as an electron donor for 
denitrification, thus increasing the rate of denitrification. Single cells were designed for 
both nitrification and denitrification to occur in the same cell. Ammonia removal 
percentage was consistently greater than nitrogen removal percentage during the three-
month experimental period. To promote total nitrogen removal, separate cells for 
nitrification and denitrification are needed to create process-specific targeted conditions, 
specifically, low D.O. and low redox potential for denitrification. Full-scale CWTSs for 
ammonia removal should be monitored and possibly amended with a carbon source to 
ensure that targeted biogeochemical conditions are maintained. 
Results of bench scale experiments indicated the feasibility of using CWTSs to 
remove ammonia in simulated oil-field produced water. Single-cell experiments showed a 
high ammonia removal percent. However, the outflow ammonia concentrations were still 
above the targeted goal (3 mg/L).  
 
2.6  Conclusion 
Bench-scale experiments were designed based on identified pathways of 
nitrification and denitrification to test the potential efficiency of ammonia removal by 
incorporating these pathways in CWTSs. Results from bench-scale experiments showed 
that shallow water depth such as 3-12 inches, late harvest of plants, and sorption by 
zeolite contributed to ammonia removal. Single-cell experiments were designed to assess 
the effect on ammonia removal of adding sugar (sucrose) as a carbon source. Cells were 
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constructed based on biogeochemical conditions favorable for nitrification and 
denitrification and on results from the bench-scale experiments. The ammonia removal 
rate coefficient increased with the addition of a carbon source.  
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Figure 2 Nitrogen transformation and oxidation state of nitrogen. (Gambrell and Patrick, 
1978). In the nitrogen cycle, nitrification converts ammonia to nitrate; denitrification 
converts nitrate to nitrogen gas; anammox, a process of anaerobic ammonia oxidation 














Figure 4 Bench scale ammonia concentrations on day 15. * indicate ammonia 
concentrations less than the method detection limit of 1 mg/L.  Three sampling replicates 
(rep) were conducted for each tested parameter. The initial ammonia concentration values 
are averages of the three sampling replicates, standard deviations are shown for initial 





Figure 5 Bench scale ammonia concentrations on day 23. * indicate ammonia 
concentrations less than the method detection limit of 1 mg/L.  Three sampling replicates 
(rep) were conducted for each tested parameter. The initial ammonia concentration values 
are averages of the three sampling replicates, standard deviations are shown for initial 




Figure 6 Bench scale ammonia concentrations on day 28. * indicate ammonia 
concentrations less than the method detection limit of 1 mg/L.  Three sampling replicates 
(rep) were conducted for each tested parameter. The initial ammonia concentration values 
are averages of the three sampling replicates, standard deviations are shown for initial 
ammonia concentration values. 





Figure 7 Bench scale ammonia concentrations on day 32. * indicate ammonia 
concentrations less than the method detection limit of 1 mg/L.  Three sampling replicates 
(rep) were conducted for each tested parameter. The initial ammonia concentration values 
are averages of the three sampling replicates, standard deviations are shown for initial 
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Table 2 Bench-scale reactor design. Water samples were collected and analyzed at days 












2.12 Plants harvested 
(days after 
initiation) 
1 3 0 0 no 
2 6 0 0 no 
3 6 70 0 no 
4 6 105 0 no 
5 6 0 35 no 
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6 6 0 0 **yes 
7 6 0 0 ***yes 
8 12 0 0 no 
9 18 0 0 no 
*In addition to 35 g organic matter added to each reactor at initiation of experiments. 
**Plants harvested on day 7. 
***Plants harvested on day 30. 
 
 
Table 3 Design factors of cells in single-cell experiment. The following parameters were 
identical for all four cells: 70 gallon volume, 7 to 8 inch water depth, aeration and HRT at 
both 48 hrs and 96 hrs. 
 Cell 1 Cell 2 Cell 3 Cell 4 
Sucrose 
 
0.1 g/L  0.2 g/L  0.3 g/L 0.4 g/L  
Plant S. californicus  S. californicus T. latifolia T. latifolia 
 
 
Table 4 Analyzed performance parameters for both bench-scale and single-cell 
experiments. 
Parameters Method *Detection Limit 
Ammonia Standard Method:45000-NH3 D (Ammonia ISE) 0.03 mg/L 




Colorimetric Method (HACH-modified from Standard 
Methods:4500-N C) 0.01 mg/L 
* = instrument detection limit 
 
Table 5 Analyzed explanatory parameters and detection limits for single-cell experiments. 
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Parameter Measurement Method *Detection Limit 
Temperature Direct Instrumentation: YSI Model 52 0.5 ºC 
pH Direct Instrumentation: Orion Model 420A 0.01 S.U 
D.O. Direct Instrumentation: YSI Model 52 0.1 mg/L 
Eh (Redox) Standard Voltmeter, AccumetÒ calomel reference electrode, and in situ platinum-tipped electrodes 10 mV 
Alkalinity Standard Methods: 2320 B 2 mg/L as CaCO3 
Hardness Standard Methods: 2340 C 2 mg/L as CaCO3 
Nitrifying 
Bacteria N-BART NA 
Denitrifying 
Bacteria DN-BART NA 
NA = not available 
*instrument detection limit 
 
 
Table 6 Calculated ammonia removal rate coefficients for the bench-scale experiments 
(days 7 to 32). Mean values are averages for three reactors. Units are day-1.  
Reactor 
Set Treatment Mean Minimum Maximum 
1 3 inch depth 0.328 0.079 0.714 
2 6 inch depth 0.130 0.006 0.287 
3 70g Typha 0.257 0.009 0.690 
4 105g Typha 0.303 0.077 0.637 
5  Zeolite 0.307 0.027 0.622 
6 Early Plant Harvest 0.162 0.027 0.342 
7 Late Plant Harvest 0.177 0.058 0.446 
8 12 inch depth 0.088 0.013 0.178 





Table 7 Ammonia and total nitrogen concentrations (and % removal) in single-cell 
experiments. HRT was 48 hours for experiments 1 and 2, and 96 hours for experiments 3 


















Experiment 1      
 
    Inflow 25.1 - 22.6 - 
NA 
    Cell 1 outflow 24.2 3.3 18.2 19.2 
NA 
    Cell 2 outflow 9.3 63.0 15.3 32.3 
NA 
    Cell 3 outflow 10.9 56.5 13.3 41.1 
NA 
    Cell 4 outflow 5.9 76.3 10.5 53.6 
NA 
Experiment 2     
 
    Inflow 37.1 - 14.5 - 
NA 
    Cell 1 outflow 24.5 33.9 NA NA 
NA 
    Cell 2 outflow 15.6 57.8 NA NA 
NA 
    Cell 3 outflow 16 56.9 11.1 23.5 
NA 
    Cell 4 outflow 14 62.2 8.7 40.4 
NA 
Experiment 3     
 
    Inflow 28.9    - 17.2    - 
BDL 




    Cell 2 outflow 20.2 29.9 12.3 28.3 
BDL 
    Cell 3 outflow 6.2 78.6 5.6 67.3 
15.0 
    Cell 4 outflow 14.2 50.8 4.5 73.9 
0.51 
Experiment 4      
 
    Inflow 24.8    - 16.2    - 
BDL 
    Cell 1 outflow 12.4 49.3 11.8 27.6 
2.08 
    Cell 2 outflow 22.3 8.6 12.3 24.6 
BDL 
    Cell 3 outflow 5.7 76.6 9.8 39.6 
13.0 
    Cell 4 outflow 4.3 82.6 10.8 33.9 
17.3 
*Measurement of total nitrogen concentrations occurred after measurement of ammonia 
concentrations; total nitrogen concentrations less than total ammonia concentrations are 
attributed to loss of ammonia from samples by volatilization.  
-  = not measured 
NA = not available, iron oxide was observed in cells and is suspected as having interfered 
with colorimetric measurement of total nitrogen. 
 
 



















Experiment 2       
    Inflow N/A 8.78 317 7.1 38 20 
    Cell 1 
outflow 21 9.21 370 6.76 44 58 
    Cell 2 
outflow 22 9.67 466 6.72 70 112 
    Cell 3 
outflow 22 9.43 478 7.26 66 112 
    Cell 4 
outflow 24 9.62 461 7.51 80 124 
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Experiment 3      
    Inflow 20 6.29 297 7.02 34 20 
    Cell 1 
outflow 22 3.91 604 6.74 132 58 
    Cell 2 
outflow 21 2.47 538 6.82 84 112 
    Cell 3 
outflow 21 3.79 481 7.96 88 112 
    Cell 4 
outflow 21 5.75 489 7.51 104 124 
Experiment 4      
    Inflow 20 5.32 318 7.18 30 20 
    Cell 1 
outflow 20 2.13 515 6.36 176 156 
    Cell 2 
outflow 20 0.48 510 6.54 160 160 
    Cell 3 
outflow 20 3.74 457 6.63 184 184 
    Cell 4 
outflow 20 2.95 503 6.87 204 204 




Table 9 Calculated ammonia removal rate coefficients for single-cell experiments. Mean 
values are averages from experiments 1-4. Units are day-1. 
Cell No. *Mean Minimum Maximum 
Cell 1 (0.1 g/L sugar) 0.13 0.02 0.21 
Cell 2 (0.2 g/L sugar) 0.26 0.03 0.50 
Cell 3 (0.3 g/L sugar) 0.40 0.37 0.42 





Table 10 Bart Test result for single cell water samples collected March 25th – March 29th. 













Cell 1 outflow 1,000 50,000 
Cell 2 outflow NOT ACTIVE NOT ACTIVE 
Cell 3 outflow NOT ACTIVE NOT ACTIVE 
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A pilot-scale constructed wetland treatment system (CWTS) was designed and 
constructed for efficient ammonia removal from simulated oilfield produced water. This 
system included four constructed wetland series, each consisting of four cells. One series 
was designed as a control system, and the other three series were designed to test the 
effects of aeration and organic matter on ammonia removal. The removal efficiency 
ranged from 19.2 to 62.5%, and ammonia concentration decreased from 25 mg/L to 7.92 
mg/L. To enhance the removal efficiency, sucrose and oyster shells were added to 
promote conditions favorable for the removal processes in a redesigned pilot-scale 
CWTS. The redesigned pilot-scale CWTS achieved better removal efficiency than the 




Produced water is water in underground formations that is brought to the surface 
along with oil or gas when these energy resources are developed (Veil et al., 2004). It is 
the largest volume of waste associated with oil and gas production. The American 
Petroleum Institute (API) estimated that an average volume of 77 billion barrels of 
produced water was generated worldwide for 1999. Due to the large volume and variable 
toxicity levels of pollutants in produced water, the management of produced water 
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presents challenges to operators (Veil et al., 2004). Produced water contains a variety of 
chemicals from the geological formations in which it has resided for millions of years. 
These chemicals, when present in high concentrations, can present a threat to aquatic life 
or crops when they are discharged or used for irrigation. One such chemical is ammonia, 
which varies widely in concentration in produced water (Ganesh et al, 2006). Ammonia 
is of particular concern in produced waters because it has been found to pass through 
reverse osmosis menbranes (Ganesh et al., 2006), thus requiring further treatment.  
Ammonia nitrogen comes in two forms: the ion form ammonium (NH4+) which 
isn’t toxic, and the gas form ammonia (NH3) which is toxic. Ammonia does not usually 
cause problems for humans and other mammals because they have specific mechanisms 
that prevent its buildup in the bloodstream. However, ammonia is highly toxic to aquatic 
animals even at dilute concentrations. Past research involving seven-day toxicity tests 
with Mysidopsis bahia and Cyprinodon variegatus found that ammonia in produced 
water was a possible factor of toxicity (Moffitt, 1993). Effluent limits for ammonia are 
developed by US EPA and describe the pollutant’s appropriate quantity or concentration.  
An appropriate option for managing specific produced water must consider 
several factors including site location, regulatory acceptance, technical feasibility, cost, 
and availability of infrastructure and equipment (Veil et al., 2004). Constructed wetland 
treatment systems (CWTSs) offer an alternative to traditional wastewater treatment plants 
(Mitsch and Gosselink, 2000). CWTSs mimic processes of natural wetlands. Constructed 
wetlands may include multiple treatment pathways and offer a natural and cost-effective 
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option for treating contaminated water. They can transform and transfer constituents of 
concern into less bioavailable forms and remove them from the water body. 
Transformations include photolysis, hydrolysis, speciation and ionization, oxidation, 
reduction, biotransformation, and biodegradation. Transfers include sorption, 
volatilization, precipitation, settling, sedimentation, and bioconcentration (plant uptake) 
(Rodgers and Castle, 2008). Research into these systems usually begins by constructing a 
pilot-scale CWTS. Pilot-scale studies provide essential information and important results 
such as: 1) thorough testing of hypotheses in using a system that measures performance 
under various conditions; 2) instilling confidence in potential owners regarding the 
performance of these systems; 3) ensuring regulatory approval and decreasing the time 
and effort needed to meet treatment goals; and 4) providing rate coefficients and extents 
of removal to improve full-scale design (Rodgers and Castle, 2008). 
Because of the need for an efficient and effective method for removing ammonia 
from post-RO produced water and the potential application of CWTSs, the objectives of 
this investigation were: 
1. Design and construct a pilot-scale CWTS for treating ammonia in 
simulated post-RO produced water; 
2. Measure performance and explanatory parameters in the pilot-scale CWTS; 
3. Redesign the pilot-scale CWTS to enhance ammonia removal if needed; 
and 





3.3 Methods  
3.3.1 Design and Construct a Pilot-scale CWTS 
A pilot-scale CWTS was designed and constructed based on biogeochemical 
pathways identified from literature review as the major processes to treat ammonia. 
Results from bench-scale experiments were also incorporated into the pilot-scale CWTS 
design. The system included four series (P-SS1, P-SS2, P-SS3, P-SS4) of wetland cells, 
and each cell was designed to promote specific conditions that result in the targeted 
biogeochemical pathways. These conditions include temperature, pH, dissolved oxygen 
(D.O.), redox potential, alkalinity, and hardness. Conditions in CWTSs are controlled by 
characteristics of the inflow water (quality and quantity) and by wetland macrofeatures 
(hydrosoil, plants, and hydraulic retention time). The substrate is important to the 
function of constructed wetlands because hydrosoil may retain certain chemicals and 
provide a habitat for microbes that are involved in chemical transformations (Mitsch and 
Gosselink, 2000). Wetland plants influence the biogeochemistry of a system by playing 
important roles in sorption, mineralization, and biodegradation (Reed, 1993; Rodgers and 





3.3.2 Measure Performance and Explanatory Parameters in Pilot-Scale CWTS 
Simulated produced water containing ammonia was formulated to match the 
composition of post-RO produced water from an oil field at San Ardo, Californnia 
(Ganesh et al., 2006). Simulated produced water was prepared in a 1500-gallon 
polypropylene tank using Clemson city tap water amended with ammonium chloride, 
sodium hydroxide, and sodium bicarbonate salts (Fisher Sci.). To achieve a targeted 
ammonia concentration of approximately 25 mg/L as nitrogen, 531.25 g of ammonium 
chloride per tank was added to formulate the simulated water. Adjustable ceramic piston 
pumps (FMI Inc.) delivered simulated produced water to the pilot-scale CWTS at a flow 
rate sufficient to maintain the targeted HRT. Targeted discharge concentration was 
determined based on National Pollutant Discharge Elimination System (NPDES) permits 
and California state surface water discharge permits.  
Inflow to the pilot-scale CWTS and outflow from each cell were sampled. Water 
samples were collected from the pilot-scale CWTS and analyzed in the laboratory from 
October through November 2008. Samples were collected from series P-SS1, P-SS2, P-
SS3, and P-SS4 in October (Experiment A) for measurement of ammonia concentration. 
Due to pump error in the system, samples were collected from only series P-SS1 and P-
SS2 during early November (Experiment B). During the sampling of late November 
(Experiment C), samples were collected from series P-SS1, P-SS2, and P-SS4. Because 
of the presence of ice, cell 4 was not sampled in Experiment C.  
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The following explanatory parameters were measured in water samples: 
temperature, pH, dissolved oxygen (D.O.), conductivity, alkalinity, and hardness (Table 
11). Concentrations of performance parameters (ammonia, total nitrogen, and nitrate) 
were measured in the same water samples. Ammonia concentration was measured by 
standard method 4500-NH3 D (Eaton et al., 2005) utilizing on Orion ammonia electrode 
model 95-12 (Table 12). Total nitrogen was measured by colorimetric method (HACH-
modified from Standard Methods: 4500-N C). Nitrate was measured by colorimetric 
method (HACH-modified from Standard Methods: 4500-NO3 C).  
Removal percent of a constituent (e.g. nitrogen, ammonia) was calculated using 
equation 3.1:  
     
Removal percent = (1- Ct/C0)*100                                                         (3.1) 
Where: C0 is the concentration of the constituent in the inflow and                                          
Ct is the concentration of the constituent in the outflow.  
Removal rate coefficient (k) for a constituent (e.g. nitrogen, ammonia) can be 
calculated using a first-order rate equation (equation 3.2; Mitsch and Gosselink, 2000):  
     k = - ln (Ct/C0)/t                                                                                      (3.2) 
Where: C0 is the concentration of the constituent in the inflow;   
Ct is the concentration of the constituent in the outflow; 
 t is the total time of treatment; and 
  k is the first-order rate coefficient. 
Removal percent and rate coefficient for ammonia were calculated for each series during 




3.3.3 Redesign Pilot-Scale CWTS  
The pilot-scale CWTS was redesigned to enhance ammonia removal and to 
achieve targeted outflow concentration.  The basis for redesign came from literature 
review and the results of pilot-scale and single cell experiments. Because the dominant 
processes in ammonia removal are nitrification and denitrification (Gambrell and Patrick, 
1978), the wetland cells were redesigned to promote conditions favorable for these 
processes. Nitrification is the biological conversion of ammonium and ammonia (NH3) to 
nitrate nitrogen. Nitrosomonas converts ammonia to nitrite (NO2-), which is shown in the 
following equation (Gambrell and Patrick, 1978):  
         NH3 + O2 → NO2- + 3H+ + 2e-                                                               (3.3)  
Bacteria called Nitrobacter then convert nitrite to nitrate (NO3-): 
NO2- + H2O → NO3- + 2H+ + 2e-                                                            (3.4) 
Denitrification is the reduction of nitrate, and nitrite nitrogen to nitrogen gas N2 
that may escape into the atmosphere (Gambrell and Patrick, 1978). 
6NO32- + 5CH3OH > 5CO2 + 3N2 + 7H2O + 6OH-                                (3.5) 
Conditions in CWTSs are controlled by inflow water quality and quantity and by wetland 
macrofeatures (hydrosoil, plants, and hydraulic retention time). The nitrification and 
denitrification reactions are generally coupled and proceed rapidly, and nitrite level at 
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any given time is usually low. Nitrosomonas and Nitrobacter are very sensitive to their 
environment, responding to changes in substrate and product levels. Nitrosomonas and 
Nitrobacter require free dissolved oxygen to function, and are only active under aerobic 
conditions. Nitrification occurs under sufficiently high redox potential (Gambrell and 
Patrick, 1978). These nitrifiers have a requirement for O2 that not less than 2 mg/L. The 
growth rate of nitrifiers is affected by the concentration of dissolved oxygen (D.O.), and 
at D.O. level less than 0.5 mg/L the growth rate is minimal. In order to promote 
nitrification, oxygen should be well distributed throughout the water column and levels 
should not be below 2.0 mg/L (Gambrell and Patrick, 1978). pH should be maintained 
within the optimum range of 7.5 to 8.5 for Nitrosomonas and Nitrobacter, and 
nitrification stops at pH equal to or below 6.0 (Porter and Sanchez, 1994). The process of 
nitrification produces acid which lowers the water column pH in wetlands and can cause 
a reduction in the growth rate of nitrifying bacteria (Jones and Hood, 1980). Nitrification 
has a maximum reaction rate when the temperature is 30 to 35o C (86 to 95o F) (Jones & 
Hood, 1980). At temperatures of 40oC (104o F) or higher, nitrification rates fall to near 
zero. Nitrification decreases alkalinity, and approximately 7.14 pounds of alkalinity (as 
CaCO3) are consumed per pound of ammonia oxidized to nitrate. 
Many organic compounds and trace metals inhibit nitrification. Some of the most 
toxic compounds to nitrifiers include cyanide, thiourea, phenol and heavy metals such as 
silver, mercury, nickel, chromium, copper, and zinc (Porter and Sanchez, 1994). 
Nitrifying bacteria can also be inhibited by free forms of their own substrate; nitrate, 
nitrite, and free ammonia can be toxic to nitrifiers. Nitrite oxidizing bacteria are sensitive 
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to free nitrous acid, and ammonia-oxidizing bacteria are sensitive to free ammonia 
(Gambrell and Patrick, 1978).   
Denitrification is restricted to anoxic environments where organic carbon 
compounds serve as electron donors as well as energy sources (Gambrell and Patrick, 
1978). Organisms capable of denitrification include members of Achromobacter, Basillus, 
Moraxella, Neisseria, Pseudomonas, and Rhizobium (Knowles, 1981). Oxygen inhibits 
denitrification by competing for electrons, and the rate of denitrification is roughly 
inversely proportional to the concentration of oxygen (Porter and Sanchez, 1994). Nitrate 
reduction occurs at redox (Eh) values at about 180 mV, and denitrification is complete 
below 100 mV assuming other conditions suitable for denitrification are present 
(Knowles 1981). Optimum pH for denitrification is 7.0 to 8.5. 
Conditions in the CWTS were adjusted to promote increased rates of the targeted 
biogeochemical treatment processes. Water temperature, pH, dissolved oxygen (D.O.), 
soil reduction and oxidation potential (redox), alkalinity, hardness, and nutrient level 
within the system were considered for adjustment by comparing measured values in the 
pilot-scale CWTS with optimal values for conditions that promote the targeted 
biogeochemical processes (Tables 13 and 14). Table 15 and 16 show upset conditions and 
remedial options for nitrification and denitrification. Once the conditions reach upset 




3.3.4  Measure Performance and Explanatory Parameters in Redesigned System 
After water had flowed through the redesigned constructed wetland for 4 weeks 
and sugar amendment added for 2 weeks, sampling was initiated from the inflow and 
outflow of each series in May, 2009 (Experiment 1). During June to August, 2009, 
experiments 2 -5 were conducted, and samples were taken cell by cell. Explanatory 
parameters (temperature, dissolved oxygen, and pH) were measured directly in the cells. 
Ammonia and total nitrogen concentrations and general water chemistry parameters 
(redox potential, conductivity, alkalinity, hardness) were measured in water samples 
following the same laboratory procedures as used in original CWTS design (Table 12). 
Removal rate coefficients for ammonia (equation 3.2) and removal percentages of 
ammonia and total nitrogen were calculated for the redesigned pilot-scale CWTS. 
 
3.4 Results 
3.4.1 Design and Construction of Pilot-Scale Constructed Wetland Treatment System 
A pilot-scale CWTS consisting of four series, each having four wetland cells 
connected with PVC pipes, was designed and constructed. One series mirrored 
environmental conditions of the San Ardo full-scale CWTS, and was maintained as a 
control series (P-SS1). The other three series (P-SS2, P-SS3, P-SS4) were constructed to 
examine the effects of adding aeration, organic matter, and zeolite on ammonia removal 
(Table 17). The pilot-scale CWTS was constructed outdoors, and each cell was assembled 
in a 70-gallon Rubbermaid utility container (Figure 8). Each container was filled to a 
depth of seven inches with local river sediment consisting of course, well-sorted, quartz 
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sand obtained from 18 Mile Creek near Clemson, South Carolina. In a study by Kanagy 
et al. (2008), sediment from the same location was tested for particle size, Eh, pH, 
organic matter content, and acid volatile sulfide concentration. The measured organic 
content of the hydrosoil ranged from <1 to 3% (Kanagy et al., 2008). 
All cells were planted with Typha latifolia (cattail) at a density of 35 plants per 
container. Plants were acclimated to the systems for approximately 8 weeks prior to 
introducing simulated produced water.  Each cell was amended with fertilizer (N-P-K: 0-
10-10) to provide sufficient nutrients for plant growth. 370 g of dried T. latifolia was 
added to each microcosm to simulate a mature wetland hydrosoil (based on production 
and decomposition rates from Kadlec and Wallace, 2009). Cells were plumbed to enable 
adjustments of water depth from 3-18 inches. However, water depth in each cell was 
maintained at a constant depth of 12 inches. Hydraulic retention time was 12 hours per 
cell during October, 2008, and 24 hours per cell during November.  
 
3.4.2 Performance and Explanatory Parameters from Pilot Scale CWTS 
In October (Experiment A), concentrations of ammonia and total nitrogen in 
simulated produced water were decreased by treatment in the pilot-scale CWTS. 
However, ammonia removal was 56.0% (11.0 mg/L) which was still above the targeted 
goals of 3 mg/L (Table 18). In samples collected in early November (Experiment B) 
nitrate concentrations were approximately 6 mg/L in outflow from P-SS2 series (with 
aeration and no organic matter added) and less than 2.5 mg/L in outflow from P-
SS1(control) and P-SS4 (with aeration and organic matter added), which indicates that 
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aeration without organic matter added improved nitrification. Nitrate concentration did 
not decrease within cells 3 and 4 of P-SS4, which suggests that denitrification may not 
have occurred. A possible reason for limited denitrification is lack of a suitable carbon 
source (Porter and Sanchez, 1994). Measured pH values in water samples during 
Experiments A, B, and C (Table 19) were consistently lower than targeted pH ranges for 
nitrification and denitrification (Tables 13 and 14). Therefore, the system was later 
redesigned (Objective 3) to enhance the removal of ammonia and total nitrogen.  
Water temperature in the cells decreased from 16.2°C in October to 4.5°C in late 
November, and ice was observed in most cells. Average ammonia removal decreased 
from October to November (Table 18). Previous study has shown that denitrification rate 
decreases as temperature decreases (Bachand and Horne, 2000). Most plants in the cells 
turned brown in late November, which indicates the plants became dormant.  
 
3.4.3 Redesigned pilot-scale system 
Results from single-cell experiments and the pilot-scale CWTS were used to 
redesign the pilot-scale CWTS to enhance removal of ammonia and total nitrogen. The 
control series (P-CTR) in the redesigned system remained the same as the control series 
(P-SS1) in the original system. Conditions were manipulated to achieve greater removal 
of ammonia and total nitrogen in the series P-SS3 (P-EXP in the redesign) (Figure 19). 
Aeration and sugar were added, HRT was varied, and pH was adjusted in P-EXP. Series 
P-EXP was amended with 0.4 g/L sugar in the inflow as an additional carbon source. 
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Carbon plays an important role in denitrification because it donates electrons and 
provides energy for microbial activity. To maintain pH in the optimum range of 7.5 to 
8.0, oyster shells were added to the cells of P-EXP as pH buffer. 
 
3.4.4 Performance and Explanatory Parameters in Redesigned Pilot-scale CWTS 
3.4.4.1 Experiment 1  
During Experiment 1, the systems acclimated to simulated water beginning in 
April, 2009. Sugar was added to experimental system (P-EXP) on May 11, 2009, and the 
system was first sampled on May 28, 2009. Measured ammonia inflow concentration was 
19.45 mg/L, and targeted ammonia outflow concentration was 3 mg/L. Ammonia 
concentration achieved in outflow was 9.24 mg/L (52.5% removal) for P-CTR with a 4-
day HRT and 0.73 mg/L (96.3%) for P-EXP with an 8-day HRT (Table 20).   
The total nitrogen concentrations decreased from 21.42 mg/L in the inflow to 6.1 
mg/L in the outflow (71.5% removal) of P-EXP, and to 12.26 mg/L (42.8% removal) in 
the outflow of P-CTR. The removal extent of total nitrogen is less than that of ammonia 
because total nitrogen removal requires both nitrification and denitrification, while only 
nitrification is required for ammonia removal.  
The general water chemistry parameters of temperature, pH, D.O., conductivity, 
alkalinity, and hardness for the outflow were similar between P-CTR and P-EXP (Table 
22). Water temperature of outflow in experiment 1 was 23.3 °C in P-CTR and 23.2 °C in 
P-EXP, while inflow temperature was 24.5°C. These temperatures are near the range of 
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optimal temperature (>25oC) for nitrification and denitrification (Table 13 and 14). pH 
values measured in outflow were 2.99 in P-CTR and 2.85 in P-EXP. Therefore, crushed 
oyster shells were added to both series to modify pH. Alkalinity (< 20 mg/L) and 
hardness (< 20 mg/L) were low in outflow of both series.  
 
3.4.4.2 Experiment 2  
In experiment 2 the ammonia concentration in the inflow was 22.98 mg/L. The 
outflow concentration in P-EXP was 0.73 mg/L, which resulted an ammonia removal 
extent similar to that of experiment 1. Ammonia removal in outflow of P-EXP was 96.8%. 
Ammonia concentration decreased from 22.98 to 14.19 mg/L in the first cell of P-EXP 
with a removal percentage of 38.3%. Ammonia concentration continued to decrease in 
the following three cells of P-EXP (Figure 10), while decrease in ammonia concentration 
stopped at cell 3 in P-CTR. Calculated removal rate coefficients for cells in series P-EXP 
ranged from 0.11 d-1  (cell 2) to 1.06 d-1  (cell 4) (Table 21). Ammonia outflow 
concentration in P-CTR was 15.63 mg/L, and removal percentage was 31.98%, which is 
less than the percentage in experiment 1.  
Nitrate is the product of nitrification and is the substrate/reactant of denitrification. 
According to the design, the concentration of nitrate should increase in cell 1 due to 
nitrification, and then decrease in the following cells due to denitrification. In P-EXP 
nitrate concentration in cell 1 was 5.3 mg/L indicating that nitrification was occurring in 
this cell. Nitrate concentration decreased in the cell 2 due to denitrification. Nitrate 
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concentration increased in cell 3 indicating ammonia nitrification. Nitrate concentration 
was 3.3 mg/L in outflow of P-EXP, which met the targeted value of 5 mg/L. Low nitrate 
concentrations (<0.7 mg/L) in all cells of P-CTR indicate that nitrification was not 
operating effectively.  
Total nitrogen concentration in outflow of P-EXP was 2.94 mg/L, and the 
removal percentage was 87.6%. Concentration reductions were greater in cells 1 and 4 
than in cells 2 and 3. In P-CTR total nitrogen concentration was reduced to 12.9 mg/L in 
outflow, and the removal percentage was 45.5%. Change in total nitrogen and ammonia 
were very small in cells 3 and 4 of P-CTR indicating lack of denitrification.   
Water temperature ranged from 24.8 to 28.5 °C during experiment 2, which is 
suitable for microbial activity (Table 14). Dissolved oxygen (D.O.) concentration was 
high (15.04 mg/L) in inflow water and decreased as water moved through the system. pH 
decreased as water moved through P-CTR, with pH less than 6.5 in cells 2, 3, and 4. 
Alkalinity in P-EXP ranged from 184 to 262 mg/L as CaCO3, and hardness ranged from 
40 to 274 mg/L as CaCO3 due to the addition of oyster shells. 
3.4.4.3 Experiment 3  
In experiment 3, the ammonia outflow concentration was 10.0 mg/L (33.0% 
removal) in P-CTR and 3.98 mg/L (73.4% removal) in P-EXP. The inflow concentration 
in experiment 3 was 15.0 mg/L. Ammonia concentration was reduced in cells 1, 2, and 4 
of P-EXP (Figure 11).  Calculated removal rate coefficients for cells in series P-EXP 
ranged from 0.07 d-1  (cell 1) to 0.46 d-1  (cell 4) (Table 21).  In P-CTR, ammonia 
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concentration decreased from 14.95 to 11.55 mg/l in cell 1 and from 11.77 to 10.29 mg/L 
in cell 3. There was no removal in cells 2 of P-CTR.  
Water temperature ranged from 26 to 28°C during the sampling period of 
experiment 3, which is well suited for microbial activity (Table 14). Dissolved oxygen 
(D.O.) concentration was high (11.0 mg/L) in inflow water and decreased as water moved 
through both systems. D.O. decreased to 1.32 mg/L in the outflow of P-CTR and 0.24 
mg/L in P-EXP. pH  in P-CTR was lower than in experiment 3 and ranges from 6.05 to 
6.50. pH in P-EXP ranges from 6.82 to 7.22.  
 
3.4.4.4 Experiment 4  
In Experiment 4 ammonia removal in P-EXP achieved the targeted value. With 
inflow concentration of 20.9 mg/L, the ammonia concentration in outflow reached an 
extent of 2.26 mg/L in P-EXP and 17.57 mg/L in P-CTR (Figure 22). Calculated removal 
rate coefficients for cells in series P-EXP ranged from 0.11 d-1  (cell 1) to 0.48 d-1  (cell 3) 
(Table 21). 
In cell 2 of P-EXP nitrate concentration increased to 2.41 mg/L, which indicates 
that nitrification was occurring. Nitrate concentration decreased to 0.31 mg/L in cell 3, 
which indicates that denitrification was functioning.  Nitrate concentration increased to 
6.9 mg/L in cell 4.  Nitrate concentration increased from cell to cell in P-CTR, indicating 
that nitrification was proceeding. 
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Water temperature in cells ranged from 25.6 to 26.4 °C in experiment 4 (Table 
22). Dissolved oxygen in inflow water was high at 10 mg/L. D.O. decreased to 1.8 mg/L 
in cell 1 of P-EXP, to 1.15 mg/L in cell 2, 0.33 in cell 3, and 0.26 mg/L in cell 4. Redox 
in cell 1 of P-EXP was -194 mV due to the addition of sucrose, which was below the 
nitrification redox range of -50 to +50 mV. Because of the addition of sucrose, pH in cell 
1 of P-EXP was low at 5.85, which is below the optimal range of 7.5 to 8.5 for 
nitrification. pH was above 7.0 and within the targeted range of 7.0 to 8.5 for 
denitrification in cells 2, 3, and 4 of P-EXP.   
 
3.4.4.5 Experiment 5  
In Experiment 5, series P-EXP continued to remove ammonia, but no removal 
occurred in P-CTR, with ammonia concentration remaining at 21-22 mg/L from inflow to 
outflow of P-CTR (Figure 23). Ammonia concentration in P-EXP decreased from cell to 
cell, with an outflow concentration of 8.80 mg/L for a removal of 59.9%. Calculated 
removal rate coefficients for cells in series P-EXP ranged from 0.08 d-1  (cell 3) to 0.17 d-
1  (cell 1) (Table 21). Nitrate concentration ranged from 5.85 to 6.50 mg/L in cells of P-
EXP and from 0.80 to 2.49 mg/L in cells of P-CTR. Total nitrogen removal was less than 
ammonia removal for both series.  
Water temperature in cells ranged from 25.3 to 29.9 °C in experiment 5 (Table 
22). Dissolved oxygen in inflow water was high at 10.7 mg/L. D.O. decreased to 1.98 
mg/L in cell 1 of P-EXP, to 0.38 mg/L in cell 2, to 0.17 in cell 3, and then increased 
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again to 1.22 mg/L in cell 4. Redox in cell 1 of P-EXP was -236 mV due to the addition 
of sucrose. pH in cell 1 was 7.08 and pH in cells 2 through 4 was maintained at 7.0 to 7.5, 




For the redesigned experimental system, ammonia removal ranged from 73.4 to 
96.8%. In Experiments 1, 2, and 4, outflow concentrations were less than the target value 
of 3 mg/L. The ammonia concentration in outflow was 3.98 mg/L in Experiment 3, and 
8.8 mg/L in Experiment 5. The treatment goal for nitrogen removal was achieved by 
decreasing the total nitrogen concentration to 5 mg/L. However, the effluent 
concentrations of total nitrogen increased during Experiment 5, exceeding the targeted 
discharge limit. Decrease in total nitrogen concentration can indicate removal of 
ammonia as well as removal of nitrate from water.  
Temperature affects ammonia removal in constructed wetlands (Bachand et al, 
2000). Lee et al. (1999) investigated the effect of low temperatures on ammonia removal 
in a lab-scale constructed wetland, finding that ammonia removal and nitrification 
decreased by 20% as temperature fell from 23 to 5 °C. During winter the nitrification 
process slows because of the slower growth and metabolism of nitrifiers and because the 
death and decay of plant material add to organic nitrogen and ammonia-nitrogen. In 
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addition, plant dormancy reduces the amount of oxygen supplied to the root zone (Reddy 
et al., 1989).  
Carbon to nitrogen ratio (C/N) affects ammonia removal (Pierzynski et al., 2005). 
If the supply of available carbon exceeds that of inorganic nitrogen, microbial growth and 
consumption of soluble nitrogen is stimulated, enhancing soluble nitrogen conversion to 
biomass nitrogen. The type and amount of carbon source added to the redesigned pilot-
scale CWTS was determined by results of the initial pilot-scale CWTS experiment and 
single-cell experiments. In the initial pilot-scale system, hay was added as an organic 
carbon source to two of the wetland series (P-SS3 and PSS-4, Table 7) to improve 
ammonia removal; however, the results indicated little difference in removal efficiency 
from the control series (PSS-1). This finding suggested that a different carbon source, one 
with a smaller molecular structure to provide an immediate electron donor and energy 
source, was needed. Therefore, sucrose was added to the redesigned system at a ratio of 
8:1 with concentration at 0.4 g/L, which is the optimal C/N ratio determined by single-
cell experiments. Ammonia removal increased from 51.5 to 62.5% in the original design 
(PSS-2, -3, and -4; Table 8) to 59.9 to 96.8% with the addition of sucrose in the redesign 
(P-EXP; Table 10).  For the five experiments using the redesigned pilot-scale system, 
calculated removal rate coefficients ranged from 0.002 to 0.19 d-1 for series P-CTR and 
from 0.11 to 0.43 d-1 for series P-EXP (Table 13).  The greater removal rate in P-EXP is 
attributed to the addition of a carbon source to P-EXP.  
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Volatilization may have contributed to ammonia removal. Factors impacting 
ammonia volatilization include pH, the velocity of air across the soil surface, and the 
chemical reaction rate (temperature, the partial pressure of NH3 in the gas and solution 
phase) (Pierzynski et al, 2005). This research attempted to minimize volatilization. 
Volatilization of ammonia occurs at a pH of 8.5 (Vlek and Craswell, 1981). pH measured 
in the simulated water (inflow, Tables 9 and 12) ranged from 7.6 to 8.66. To minimize 
ammonia volatilization, size of the pump used to circulate water in the simulated water 
(inflow) tank was small, and the pump was turned off as soon as the simulated water was 
evenly mixed. When this water flowed through the cells, the pH value dropped to 
approximately 7.0, resulting in minimal ammonia volatilization.  
3.6 Conclusion 
A pilot-scale CWTS was designed and built for treating ammonia in simulated 
post-RO produced water using the process of nitrification and denitrification. 
Nitrification transforms ammonia to nitrate, and denitrification transforms the nitrate to 
nitrogen gas, which returns to the atmosphere reducing the total nitrogen concentration 
level in the water. Ammonia concentration in the initial pilot-scale CWTS decreased 51.5 
to 62.5% during a 4-day HRT. The calculated removal rate coefficients can be used to 
estimate the time needed to attain a specific extent of removal. 
The initial pilot-scale CWTS was redesigned based on the conditions required by 
nitrification and denitrification. Reaction rate and microbial activity are affected by 
temperature, pH, DO, redox, alkalinity, hardness, organic matter, and other nutrients in 
the water column. By manipulating these conditions, the redesigned pilot-scale system 
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was able to effectively treat the ammonia to meet the discharge limit of 3 mg/L. 
Ammonia concentration in the redesigned system decreased approximately 96 % during a 
8-day HRT, with extent of removal as low as 0.73 mg/L. 
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Table 11 Explanatory parameters for a post-RO pilot scale CWTS 
Parameter Measurement Method *Detection Limit 
Temperature Direct Instrumentation: YSI Model 52 0.5 ºC 
pH Direct Instrumentation: Orion Model 420A 0.01 S.U. 
D.O. Direct Instrumentation: YSI Model 52 0.1 mg/L 
Eh Standard Voltmeter, Accumet calomel reference electrode, and in situ platinum-tipped electrodes 10 mV 
Alkalinity Standard Methods: 2320 B 2mg/L as CaCO3 
Hardness Standard Methods: 2340 C 2mg/L as CaCO3 
BOD Standard Methods: 5210 B 0.1 mg/L 
Flowrate(Q) Timed volume measurement using graduated cylinder NA 
Hydraulic 
Retention Time Volume of the system/Q NA 
NA = not available 




Table 12 Performance parameters for the pilot-scale CWTS   
























0.01 mg/L   5 mg/L 
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1Eaton et al. (2005) 




Table 13 Nitrification operating conditions for ammonia removal in a post-RO pilot scale 
CWTS. 
Targeted Conditions Value ranges 
Temperature (°C) 30-351 
pH (S.U.) 7.5-8.52 
Dissolved Oxygen (mg/L) >2.0 3 
Soil Redox (mV) (+100) - (+350)4  
Alkalinity (mg/L) >100  
Hardness (mg/L) 20-120  
Nutrients C, H, O, P, S, Fe, Ca, Zn, B 
1Jones and Hood (1980)  
2Porter and Sanchez (1994) 
3Gambrell and Patrick (1978) 




Table 14 Denitrification operating conditions for nitrate removal in a post-RO pilot scale 
CWTS. 
Targeted Conditions Value ranges 
Temperature (°C) >25 1 
pH (S.U.) 7.0-8.5 3 
Dissolved Oxygen (mg/L) <0.53  
Carbon Source Organic matter 2,3 
Soil Redox (mV) (-50) - (+50) 4 
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Alkalinity (mg/L) >35  
Hardness (mg/L) 20-120  
Nutrients C, H, O, P, S, Fe, Ca, Zn, B 
1Pierzynski at al. (2005) 
2Knowles (1981)  
3Gambrell and Patrick (1978)  




Table 15. Upset conditions and remedial options for nitrification in a pilot-scale CWTS.  
Parameter Upset Values Remedial Option 
Temperature < 4.01 Use a greenhouse to establish temperatures within boundaries 
pH < 7.52 Add a natural buffer such as crushed oyster shell 
Soil Redox < +1003 Add an external source of aeration 
Dissolved 
Oxygen < 2.0
4 Add an external source of aeration 
Alkalinity < 100 Add a natural buffer such as crushed oyster shell 
1Pierzynski at al. (2005) 
2Porter and Sanchez (1994) 




Table 16 Upset conditions and remedial options for denitrification in a pilot-scale CWTS.   
Parameter Upset Values Remedial Option 
Temperature < 5.01 Use a greenhouse to establish temperatures within boundaries 
pH < 7.0 Add a natural buffer such as crushed oyster shell 
Soil Redox > +50 Add a reduced carbon source such as plant detritus or sugar 
Dissolved 
Oxygen > 0.5 




Alkalinity < 35 Add a natural buffer such as crushed oyster shell 





Table 17 Design factors for each series (P-SS1, P-SS2, P-SS3, and P-SS4) in the pilot-
scale CWTS. P-SS1 was designed as a control series. Zeolite was contained within 3 
mesh bags.  
 P-SS1 P-SS2 P-SS3 P-SS4 
Organic 
matter 
None None Dried T. latifolia, 600 
g per cell in cell 1 and 
2; Hay amendment, 
1200 g per cell in cell 
3 and 4. 
Hay amendment,  1,200g  
in cell 3 
Aeration None Aeration 
in cells 1 
and 2  
None Aeration in cells 1 and 2  




Table 18 Ammonia and total nitrogen concentrations from pilot-scale CWTS. Samples 
were collected from inflow and outflows and analyzed in the lab.  
  Inflow P-SS1 P-SS2 P-SS3 P-SS4 
Experiment A (October, 2008)      
        Ammonia(mg/L) 25.0 11.6 11.0 12.1 12.0 
        Ammonia removal (%) na 53.5 56.0 51.5 52.1 
        Ammonia removal rate coefficient 
(day-1) na 0.19 0.21 0.18 0.18 
Experiment B (early November, 2008)      
        Ammonia (mg/L) 21.1 17.1 7.92 na na 
        Ammonia removal (%) na 19.3 62.5 na na 
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        Ammonia removal rate coefficient 
(day-1) 
na 0.05 0.24 
na na 
        Total nitrogen (mg/L) 17.3 17.0 12.9 na na 
        Total nitrogen removal (%) na 1.84 25.7 na na 
Experiment C (late November, 2008)      
        Ammonia (mg/L) 34.8** 20.8** 17.6** na 14.3** 
na= not available 
HRT was 12 hours per cell in October and was changed to 24 hours per cell in November, 
2008. 
** Ice was present in cells at the time of sampling. Ammonia concentrations reported for 




Table 19 General water characteristics in pilot-scale CWTS. Samples were collected from 
inflow and outflows and analyzed in the lab. 









Experiment A (October, 2008)      
        Temperature ( °C) 16.3 16.4 16.6 16.4 17.0 
        Dissolved Oxygen 9.48 7.32 8.52 6.63 7.02 
        Electrical Conductivity       
                (µS/cm3) 274 313 286 289 302 
        pH (S.U.) 8.66 6.47 6.25 6.11 6.36 
        Alkalinity  (mg/L as 
CaCO3) 56 40 20 32 36 
        Hardness  (mg/L as CaCO3) 12 16 4 26 14 
Experiment B (early Nov. 2008)      
        Temperature ( °C) 16.04 16.24 16.2 na na 
        Dissolved Oxygen 6.22 4.36 5.18 na na 
        Electrical Conductivity  
                (µS/cm3) 278 306 279 na na 
        pH (S.U.) 8.13 6.28 5.49 na na 
        Alkalinity (mg/L as CaCO3) 44 40 6 na na 
        Hardness (mg/L as CaCO3) 12 16 18 na na 
Experiment C (late Nov. 2008)      
        Temperature (°C) 9.15 7.64** 7.38** na 7.28** 
        Dissolved Oxygen 7.08 7.48** 8.23** na 7.57** 
        Electrical Conductivity  246 266** 222** na 269** 
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                (µS/cm3) 
        pH (S.U.) 8.4 6.6** 6.25** na 6.56** 
        Alkalinity (mg/L as CaCO3) 46 36** 18** na 36** 
        Hardness (mg/L as CaCO3) 12 10** 10** na 12** 
na= not available 
HRT was 12 hours per cell in October and was changed to 24 hours per cell in November, 
2008. 
** Ice was present in cells at the time of sampling. Ammonia concentrations reported for 




Table 20 Ammonia and total nitrogen concentrations from inflows to series and outflows of cells in redesigned pilot-scale 
constructed wetland system. Data were collected between May and August, 2009. HRT was 24 hours per cell in series P-CTR 
and 48 hours per cell in P-EXP. 
  Inflow P-CTR 1 P-CTR 2 P-CTR 3 P-CTR 4 P-EXP 1 P-EXP 2 P-EXP 3 P-EXP 4 
Experiment 1 (May, 2009)          
        Ammonia (mg/L) 19.5 na na na 9.24 na na na 0.73 
        Ammonia removal (%) na na na na 52.5 na na na 96.2 
        Total nitrogen (mg/L) 21.4 na na na 12.26 na na na 6.1 
        Total nitrogen removal (%) na na na na 42.8 na na na 71.5 
Experiment 2 (early June, 2009)          
        Ammonia (mg/L) 23.0 22.7 18.3 15.4 15.6 14.2 11.4 6.1 0.73 
        Ammonia removal (%) na 1.3 20.4 32.9 32.0 38.3 50.4 73.6 96.8 
        Nitrate (mg/L) BDL BDL 0.1 BDL 0.7 5.3 3 8 3.3 
        Total nitrogen (mg/L) 23.6 21.6 19.8 13.6 12.9 16.0 14.1 11.6 2.94 
        Total nitrogen removal (%) na 8.84 16.2 42.6 45.5 32.5 40.2 50.8 87.6 
Experiment 3 (late June, 2009)          
        Ammonia (mg/L) 15.0 11.6 11.8 10.3 10.0 13.0 9.97 10.0 3.98 
        Ammonia removal (%) na 22.7 21.3 31.2 33.0 13.0 33.3 33.0 73.4 
Experiment 4 (July, 2009)          
        Ammonia (mg/L) 20.9 18.9 17.6 17.6 17.6 16.8 10.1 3.84 2.26 
        Ammonia removal (%) na 9.5 15.6 15.6 15.9 19.4 51.9 81.6 89.2 
        Nitrate (mg/L)  BDL BDL 2.11 3.11 4.41 BDL 2.41 0.31 6.91 
Experiment 5 (August, 2009)          
        Ammonia (mg/L) 22.0 21.9 21.7 22.6 21.8 15.8 12.9 11.1 8.8 
        Ammonia removal (%) na 0.37 1.37 none 1.00 28.2 41.3 49.5 59.9 
        Nitrate (mg/L) 1.9 2.49 0.80 1.55 0.62 6.41 6.24 5.85 6.50 
        Total nitrogen (mg/L) 19.6 24.8 21.8 20.4 22.7 21.2 17.8 15.6 12.8 
        Total nitrogen removal (%) na none none none none none 8.79 20.3 34.5 
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na= not available  
BDL= below detection limit 
The ammonia and total nitrogen removal percents are cumulative removal percents based on inflow concentrations. 
 
 
Table 21 Ammonia removal rate coefficient (day-1) in each cell for redesigned pilot-scale CWTS. 
Cell/Experiment 2 3 4 5 
P-CTR 1 0.01 0.26 0.10 0 
P-CTR 2 0.22 NR 0.07 0.01 
P-CTR 3 0.17 0.14 0 NR 
P-CTR 4 NR 0.03 0 0.04 
P-EXP 1 0.24 0.07 0.11 0.17 
P-EXP 2 0.11 0.13 0.25 0.10 
P-EXP 3 0.31 NR 0.48 0.08 
P-EXP 4 1.06 0.46 0.27 0.12 
 






Table 22 General water characteristics from inflows and outflows of redesigned pilot-scale constructed wetland system. Data 
were collected between May and August, 2009. HRT was 24 hours per cell in control series (P-CTR) and 48 hours per cell in 
Experimental series (P-EXP). 
 
 Inflow P-CTR 1 P-CTR 2 P-CTR 3 P-CTR 4 P-EXP 1 P-EXP 2 P-EXP 3 P-EXP 4 
Experiment 1 (May, 2009)          
        Temperature*(°C) 24.5 na na na 23.3 na na na 23.2 
        Dissolved Oxygen 
(mg/L) 8.02 na na na 7.96 na na na 7.88 
        Electrical Conductivity    
                (μs/cm3) 360 na na na 314 na na na 313 
        pH* (S.I.) 7.60 na na na 2.99 na na na 2.85 
        Alkalinity (mg/L as 
CaCO3) 
28 na na na 10 na na na 10 
        Hardness (mg/L as 
CaCO3) 16 na na na 12 na na na 14 
Experiment 2 (early June, 
2009)          
        Temperature* (°C) 26.1 24.8 25 27.9 28.3 25.0 25 27.7 28.5 
        Dissolved Oxygen* 
(mg/L) 15.0 3.19 1.48 1.91 1.78 1.71 0.65 0.32 0.12 
        Electrical Conductivity    
                (μs/cm3) 379 434 378 404 384 968 863 864 789 
        pH* (S.I.) 7.98 6.48 6.42 6.43 6.33 5.62 6.54 6.72 6.77 
        Alkalinity (mg/L as 
CaCO3) 
40 64 48 66 52 262 184 246 258 




Experiment 3 (late June, 
2009)          
        Temperature* (°C) 27 26 28 27 28 26 28 27 28 
        Dissolved Oxygen* 
(mg/L) 11.0 2.79 3.01 1.54 1.32 1.76 1.53 0.35 0.24 
        Electrical Conductivity  
                 (μs/cm3) 355 424 430 422 434 609 645 592 575 
        pH* (S.U.) 8.14 6.50 6.05 6.13 6.17 6.82 7.22 6.92 6.92 
        Alkalinity (mg/L as 
CaCO3) 
28 44 50 50 52 76 180 166 164 
        Hardness (mg/L as 
CaCO3) 18 36 56 60 66 178 194 172 184 
Experiment 4 (July, 2009)          
        Temperature* (°C) 30 26.4 26 25.9 25.9 25.9 25.7 25.6 25.7 
        Dissolved Oxygen* 
(mg/L) 10 1.95 1.73 0.42 0.41 1.8 1.15 0.33 0.26 
        Electrical Conductivity  
                (μs/cm3) 339 400 437 452 466 520 562 639 685 
         pH* (S.I.) 7.93 6.40 6.02 6.45 6.27 5.85 7.05 7.01 7.38 
        Alkalinity (mg/L as 
CaCO3) 
22 30 40 42 42 48 120 166 176 
        Hardness (mg/L as 
CaCO3) 16 30 56 62 70 128 164 216 220 
        Redox**(mV) na 28 -53 -143 -203 -194 -63 -83 -187 
Experiment 5 (August, 2009)          
        Temperature* (°C) 30 26.6 28.9 28.8 29.9 25.3 27.6 27.7 29.3 
        Dissolved Oxygen* 
(mg/L) 10.7 2.92 0.90 0.63 1.27 1.98 0.38 0.17 1.22 
        Electrical Conductivity    376 416 487 503 503 674 778 809 816 
 
 74 
               (μs/cm3) 
        pH* (S.U.) 7.73 6.28 5.95 6.34 6.48 7.08 7.12 7.44 7.39 
        Alkalinity (mg/L as 
CaCO3) 
12 16 26 22 20 100 186 198 192 
        Hardness (mg/L as 
CaCO3) 18 26 34 44 44 102 218 258 
264 
        Redox**(mV) NA 128 -58 148 142 -236 -162 -183 -189 
na= not available                                                             
* measurement was made directly in the water column 





Table 23 Calculated ammonia removal rate coefficients (day-1) for pilot-scale series in 
redesigned experiments 1-5 using equation 3.2. 
2.13 Series 2.14 *Mean 2.15 **Minimum 2.16 **Maximum 
P-CTR 0.08 0.002 0.19 
P-EXP 0.28 0.11 0.43 
*Arithmetic mean 










Figure 8 Cell design in the pilot-scale CWTS. Water depth is shown as 12 inches, but can 






Figure 9 Treatment process in cells of the redesigned pilot-scale constructed wetlands. 
Both control system and experimental system are free water surface flow. Control system 
simulates the San Ardo, CA full-scale wetland system conditions. Experimental system 






Figure 10 Ammonia concentration from cell to cell in control (P-CTR) and experimental 

































Figure 11 Ammonia concentration from cell to cell in control (P-CTR) and experimental 




Figure 12 Ammonia concentration from cell to cell in control (P-CTR) and experimental 



















Figure 13 Ammonia concentration from cell to cell in control (P-CTR) and experimental 


















CHAPTER 4 CONCLUSION 
 
The objective of this research was to design constructed wetland experiments to 
determine specific conditions that decrease aqueous ammonia concentrations in simulated 
oilfield produced water. Bench-scale reactors contained wetland plants (Typha latifolia) 
and hydrosoil in 5-gallon buckets. Single wetland cells were constructed by adding 
hydrosoil and plants (T. latifolia and Schoenoplectus californicus) to 70-gallon containers. 
The design of these experiments was based on biogeochemical pathways of nitrification 
and denitrification. Both reactors and cells were built to create conditions required for 
these processes.  
Data from bench-scale indicate that ammonia removal was enhanced by the 
addition of zeolite, organic matter amendment, and shallow (3 to12 inches) water depth. 
In the single-cell experiments, ammonia removal was enhanced by the addition of sugar 
to the water as a carbon source for microbial activity. Sugar was added to the cells in 
concentrations of 0.1, 0.2, 0.3, and 0.4 g/L. Ammonia removal ranged from 3.3 to 82.6% 
in the single-cell experiments, with total nitrogen removal of 1.2 to 53.6%. The greatest 
removal of both ammonia and total nitrogen occurred in the cell with sugar added in the 
concentration of 0.4 g/L.  
A pilot-scale CWTS was designed and constructed based on biogeochemical 
pathways identified from literature review as the major processes to treat ammonia from 
simulated oilfield produced water. Results from bench-scale experiments were 
incorporated into the pilot-scale CWTS design. The system included four series (P-SS1, 
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P-SS2, P-SS3, P-SS4) of wetland cells, and each series contained four cells. One series 
was designed as a control system (P-SS1), and the other three series were designed to test 
the effects of aeration and organic matter on ammonia removal. Each cell was designed 
to promote specific conditions to promote the targeted biogeochemical pathways. These 
conditions include temperature, pH, dissolved oxygen (D.O.), redox potential, alkalinity, 
and hardness. Conditions in CWTSs are controlled by characteristics of the inflow water 
(quality and quantity) and by wetland macrofeatures (hydrosoil, plants, and hydraulic 
retention time). The removal efficiency ranged from 19.2 to 62.5%, and ammonia 
concentration decreased from 25 mg/L to 7.92 mg/L.  
Results from single-cell experiments and the pilot-scale CWTS were used to 
redesign the pilot-scale CWTS to enhance removal of ammonia and total nitrogen. The 
control series (P-CTR) in the redesigned system remained the same as the control series 
(P-SS1) in the original system. Conditions were manipulated to achieve greater removal 
of ammonia and total nitrogen in series P-SS3 (P-EXP in the redesign). To enhance the 
removal efficiency, aeration was added, HRT was varied, and pH was adjusted in P-EXP. 
Series P-EXP was amended with 0.4 g/L sugar in the inflow as an additional carbon 
source. Carbon plays an important role in denitrification because it donates electrons and 
provides energy for microbial activity. To maintain pH in the optimum range of 7.5 to 
8.0, oyster shells were added to the cells of P-EXP as pH buffer. The redesigned pilot-
scale CWTS achieved better removal efficiency than the original system with a range 
from 59.9 to 96.8% and a removal extent as low as 0.73 mg/L.  
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By comparing bench-scale, single-cell and pilot-scale experiments (sequential 
reactors), both nitrification and denitrification pathways were operating. Sequential 
reactors cannot be expected to have the same removal rate as individual cells. Since the 
sequential reactors in a series are designed differently for each pathway, a uniform 
decline in reactant cannot be expected. For individual cells, the results were mixed rates 
because several pathways occurred in the same container. Batch reactors were more 
















Title:  Method for Measuring General Water Quality parameters: pH, Dissolved oxygen, 
Conductivity, temperature, Alkalinity, and Hardness 
Standard Operating Procedures for Water Analysis A 
Brenda M. Johnson, Laura Ober 
1.0 OBJECTIVE 
The purpose of this protocol is to measure various general water quality parameters.  
Parameters such as pH, dissolved oxygen (DO), conductivity, temperature, alkalinity, and 
hardness are fundamental water quality parameters and are necessary for all water 
chemistry related studies. 
2.0 HEALTH AND SAFETY 
Proper lab attire, including lab coat, gloves and safety glasses must be worn at all times. 
3.0 PERSONNEL/TRAINING/RESPONSIBILITIES 
Any graduate research assistant familiar with the equipment and laboratory techniques 
and trained in this and referenced SOPs may perform this procedure. 
4.0 REQUIRED AND RECOMMENDED MATERIALS 
4.1 Reagents 
Reagent:                 Test:
Milli-Q water                all tests 
       
pH buffers (4, 7, & 10)             pH, alkalinity 
0.02 N standard sulfuric acid solution (H2SO4)     alkalinity 
Eriochrome Black T indicator          hardness 
Standard EDTA titrant (0.01M, 0.02N)       hardness 
Buffer solution (Reference Standard Methods2340C)   hardness 
4.2 Supplies 
 Supply:                  Test:
 Graduated cylinder              alkalinity, hardness 
       
 100-mL beakers               all tests 
 Magnetic stir bar               alkalinity, hardness 
 50-mL buret and stand             alkalinity, hardness 
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4.3 Equipment  
Orion-model 420A pH Meter 
YSI 500 Dissolved Oxygen Meter 
YSI 30 Salinity, Conductivity, and Temperature Meter 
Magnetic stir plate 
5.0 PROCEDURE 
5.1 pH 
1. Calibrate the Orion Model 420A pH Meter using standard pH buffers 4, 7, and 10. 
2. Rinse probe with milli-Q water to remove any prior contaminant. 
3. Submerge the tip of the probe in the sample and gently stir the sample with the 
probe or use a magnetic stir-bar.   
4. When the pH meter beeps, record reading.  
5. Rinse probe with milli-Q water and return to holder or continue with next sample. 
 
5.2 Dissolved Oxygen (DO)/Temperature 
1. Calibrate the YSI 500 Dissolved Oxygen Meter. 
2. Rinse probe with milli-Q water to remove any prior contaminant. 
3. Completely submerge the tip of the probe in the sample and turn on the mixer. 
***Note: If sample contains live organisms, do not use the mixer.  Instead, gently 
stir the sample with the probe. 
4. When the DO meter beeps, record DO in mg/L (a “*” should also appear by the 
mg/L and the % symbol).  Also record the Temperature to a tenth of a degree (i.e. 
20.1ºC). 
5. Rinse probe with milli-Q water and return to holder. 
 
5.3 Conductivity 
1. Turn on the YSI 30 Salinity, Conductivity, and Temperature Meter. 
2. Rinse probe with milli-Q water to remove any prior contaminant. 
3. Submerge the probe in the sample and gently stir the sample with the probe. 
4. When the conductivity reading has stabilized the record the conductivity.  
Conductivity will record in μS/cm (mS/cm) and temperature in degrees Celsius.   
5. Rinse probe with milli-Q water and return to holder. 
6. When finished turn off the meter. 
 
5.4 Alkalinity 
1. Using a graduated cylinder, measure 50mL of sample water and pour it into a 
100mL beaker with a magnetic stir-bar. 




3. Calibrate pH meter.  Place probe in the appropriate stand, with the tip 
completely submerged in the sample water. (Make sure the stir-bar does not hit 
the pH probe). 
4. Record the initial level of titrant (0.02 N H2SO4) in the buret (fill buret as 
necessary). 
5. Slowly drip titrant into the sample, allowing time for the pH meter to stabilize. 
6. Titrate to pH 4.5. 
7. Record the volume (mL) of titrant used to reach the pH endpoint (pH=4.5). 
8. Calculate:  Total Alkalinity (mg/L as CaCO3) = volume titrant(mL) x 20 
9. Turn off stir-plate and discard sample. 
 
5.5 Hardness 
1. Using a graduated cylinder, measure 50mL of sample water and pour it into a 
100mL beaker with a magnetic stir-bar. 
(Dilutions can be made to conserve EDTA titrant, be sure to calculate dilutions 
into the final equation.) 
2. Add 2-5 mL of buffer solution (to give the sample a pH of 10.0-10.1). 
3. Add 2-4 drops of Eriochrome Black T Indicator.  Sample should turn gold 
(deep yellow). 
4. Place sample beaker on magnetic stir-plate. Turn on plate to mix sample. 
5. Record the level of titrant (EDTA) in the buret (fill buret as necessary). 
6. Slowly drip titrant into the sample, allowing time for the color change to 
stabilize. 
7. Titrate until the gold turns to a bright yellow (very similar to pH buffer 7). 
8. Record the volume (mL) of titrant used to reach the color change. 
9. Calculate:  Hardness (mg/L CaCO3) =  volume titrant(mL) titrant x 20 
10. Turn off stir-plate and discard sample. 
 
6.0 QUALITY CONTROL CHECKS AND ACCEPTANCE CRITERIA 





Title:  Method for Measuring Oxidation-Reduction Potential of hydrosoil in a constructed 
wetland treatment system 
Standard Operating Procedures for Hydrosoil Analysis 
Sarah E. Sundberg, Derek Eggert, J. Chris Arrington, John H. Rodgers, Jr. 
1.0 OBJECTIVE 
Oxidation and reduction (redox) reactions mediate the behavior of many chemical 
constituents in wastewaters.  The reactivities and mobilities of important elements in 
biological systems, as well as those of a number of other metallic elements, depend 
strongly on redox conditions.  Like pH, Eh (redox) represents an intensity factor; it does 
not characterize the capacity of the system for oxidation or reduction.  Measurements are 
made by potentiometric determination of electron activity (or intensity) with an inert 
indicator electrode and a suitable reference electrode.  Electrodes made of platinum are 
most commonly used for Eh measurements.  This protocol describes the method used to 
measure redox in the hydrosoil of a constructed wetland treatment system. 
2.0 HEALTH AND SAFETY 
Proper lab attire, including scrubs, lab coat, gloves and safety glasses must be worn at all 
times. 
3.0 PERSONNEL/TRAINING/RESPONSIBILITIES 
Any graduate research assistant familiar with the equipment and laboratory techniques 
and trained in this and referenced SOPs may perform this procedure. 
4.0 REQUIRED AND RECOMMENDED MATERIALS 
4.1 Supplies 
Potassium ferrocyanide, K4Fe(CN)6•3H2O 
Potassium ferricyanide, K3Fe(CN)6 




pH or millivolt meter 
Reference electrode 




  Prepare ZoBell’s standard redox solution by adding 1.4080g potassium 
ferrocyanide, 1.0975g potassium ferricyanide, and 7.4555g potassium chloride to 
1000mL of Milli-Q water at 25oC.  These measurements must be as accurate as 
possible to result in a reliable solution.  When stored in dark plastic bottles in a 
refrigerator, this solution is stable for several months. 
  Follow the manufacturer’s instructions for using the pH/millivolt meter and in 
preparing electrodes for use.  Immerse the reference electrode connected to the 
millivolt meter and the redox indicator electrode (platinum tip end) in the gently 
stirred, standard solution in a beaker.  Connect the millivolt meter to the end of the 
indicator electrode opposite the platinum tip. Allow several minutes for electrode 
equilibration then record the reading to the nearest millivolt.  If the reading is within 
±10mV from the theoretical redox standard value at 25oC (+183mV), record the 
reading.  The indictor electrode is ready for placement in the hydrosoil.  If the reading 
is not within ±10mV, the indicator electrode must be re-made.  
  Place the indicator electrode’s platinum tip into the sediment making certain it is 
not near the plant roots.  Secure the electrode with cable ties.  Allow the electrode to 
equilibrate for 24 hours prior to taking any readings.  When measuring the redox 
potential of the hydrosoil place the reference electrode in the same water column as 
the probe.  Connect the millivolt reader to the end of the indicator electrode opposite 
the platinum tip.  Record the redox potential in mV.  Repeat a second time by placing 
the reference electrode in another location.  Successive readings that vary less than 
±10mV over 10 minutes are adequate for most purposes.  Adjust the reading according 
to field corrections and electrode calibration corrections.  
Example:  The field redox measurement of a hydrosoil was -206mV.  When the 
electrode was initially calibrated in the lab, the redox reading was +193mV, which is 
+10mV difference from the theoretical redox standard value of +183mV.  The field 
redox measurement must be corrected for this difference by subtracting 10mV from -
206mV.  This gives a redox measurement of -216mV.  The standard correction factor 
for field redox measurements for the millivolt reader is +240mV.  Therefore, this 
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correction factor is added to the redox measurement of -216mV to yield a final redox 
measurement of +24mV.   
 
Eh system   =  Eh observed + Eh reference standard – Eh reference observed + Eh field correction 
 
Eh system  =   -206mV +   183mV     –   193mV     +      240mV  






Title: Method For Biological Activity Reaction Test (BART) for Nitrifying and 
Denitrifying Bacteria 
Standard Operating Procedures for Water Analysis B 
Yun Song 
1.0 Objective 
Nitrifying bacteria can convert ammonium to nitrate, and the N-BART tests the activity 
of nitrifying bacteria by test the production of nitrate in water. Denitrifying bacteria 
reduce nitrate to nitrite and some continue converting nitrite to nitrogen gas (complete 
denitrification). The DN-Bart tests the activity of denitrifying bacteria by test the 
production of nitrogen gas. 
2.0 HEALTH AND SAFETY 
Proper lab attire, including scrubs, lab coat, gloves and safety glasses must be worn at all 
times. 
3.0 PERSONAL/TRAINING/RESPONSIBILITIES 
Any graduate research assistant familiar with the equipment and laboratory techniques 
and trained in this reference SOPs may perform this procedures. 
4.0 REQUIRED AND RECOMMENDED MATERIALS 
4.1 Apparatus and supplies 
N-BART test kit (HACK) 
DN-BART test kit (HACK) 
Pipette 500-2500uL plus tips 
4.2 Procedures: 
N-BART 
1.  Tear the wrap of the N-BART, and take out the reaction tube. Remove the 
inner tube from the outer tube. 
2. Using outer tube from the BART to collect 20 mL water sample. 
3. Fill the inner tube with sample until the level reaches the fill line. 
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4. Tightly screw the cap back on the inner tube. Return the inner tube to the outer 
tube and screw the cap for outer tube tightly. Allow the ball to to rise at its own 
speed. Do not shake or swirl the tube. 
5. Label the outer tube with the date and sample origin. 
6. Place the BART tube on its side away from direct sunlight for five days at 
room temperature. 
7. After five days, return the tube to a vertical position. Remove the white cap 
from the inner tube and replace with a reactor cap from the kit. Screw the reactor 
cap on tightly. 
8. Invert tube for three minutes to allow the reagents in the reactor cap to mix 
with the solution. Return tube to a vertical position and replace to outer tube. 
9. Let tube for 3 hours. Read reaction. Compare the observed reactions on the 
reaction comparator chart. 
DN-BART 
1. Remove the cap from the inner BART vial and place inside uppermost on a 
clean surface. 
2. Using the outer tube from the BART collect 20 mL of water sample.  
3. Fill the inner tube with sample until the level reaches the fill line.  
4. Tightly screw the cap back on the inner tube. Return the inner tube to the 
outer tube and screw the outer cap on tightly. Allow the ball rise on its speed. 
Do not shake or swirl the tube. 
5. Label the outer cap with the date and sample origin. 
6. Place the BART tube away from direct sunlight and allow to incubate at room 
temperature. Observe for reactions and activities on a daily basis using the 
standard interpretation charts.  
5.0 QUALITY CONTROL CHECKS AND ACCEPTACE CRETERIA 






Title: Method for Measuring Ammonia Concentration 
Yun Song, D. Alexander Beebe, Laura E. Ober, Brenda M. Johnson, John H. Rodgers, Jr. 
1.0 Objective 
Ammonia sometimes presents in oil-field produced water, and when the concentration is 
at certain level it will be a constituent of concern. Ammonia reacts with water to form a 
weak base. High concentration of it can result in harmful effects to aquatic organisms. To 
determine the ammonia concentration in pre-treated oil-field produced water, the Orion 
Model 95-12 meter can be used. The meter’s ammonia-selective electrode uses a 
hydrophobic gas-permeable membrane which separates the sample from an internal 
solution. A strong base is used to increase the sample’s pH to above 11 and in so doing, 
the dissolved ammonia is converted to NH3. The NH3 permeates the membrane and alters 
the pH of internal solution. The altered pH is sensed by the pH electrode. 
2.0 HEALTH AND SAFETY 
Proper lab attire, including scrubs, lab coat, gloves and safety glasses must be worn at all 
times. 
3.0 PERSONAL/TRAINING/RESPONSIBILITIES 
Any graduate research assistant familiar with the equipment and laboratory techniques 
and trained in this reference SOPs may perform this procedures. 
4.0 REQUIRED AND RECOMMENDED MATERIALS 
 
4.1 Reagents 
Ammonia stock standard 1000ppm (as N) 
Ammonia Ionia Strength Adjuster solution (ISA) 
pH 4 Buffer 
4.2 Equipment 
Orion Model 95-12 meter 







5.1 Slope Check 
1. Rinse all glassware with MilliQ water. 
2. Warm samples to approximately 20 °C. 
3. Rinse the ammonia probe with MilliQ water, gently wipe with a Kimwipe 
and place in the pH 4 buffer. 
4. Plug probe into meter. 
5. Press “Slope” to ensure the meter is clear. If a number appears, press 
“reset” to clear all stored data. 
6. Put mode on Mv by pressing “Mode” until the red light appears next to 
Mv. 
7. Press “0, Cal 1” 
8. In a 150 mL beaker, add 100 mL of MilliQ water and 1.0mL 1000ppm 
ammonia stock standard. 
9. Place the beaker on the stir plate and begin stirring with a stir bar without 
creating a vortex. 
10. Rinse the probe, gently wipe, and place in the beaker. 
11. Add 2.0 mL ISA solution to the beaker and press “read”. 
12. Press “Cal 1” and then “Clear” when the reading stabilized. 
13. Without removing the probe, add an additional 10 mL of the ammonia 
stock standard and press “Read”. 
14. Wait for the numbers to stabilize. The reading should display -57.00=3. 
*Note : If the reading deviates considerably (<60 or >-50), soak the probe 
in pH 4 buffer for 10 minutes, redo the slope check, and refer to the 
trouble shooting section of ammonia probe users’ manual.  
5.2 Calibration 
        1. Press “Clear”. 
        2. Rinse and wipe the ammonia probe before placing it in ph 4 buffer. 
3. Rinse three 100mL volumetric flasks and fill with approximately 85 mL 
MilliQ water. Label the flasks 20 ppm, 10 ppm, 1.0 ppm, and 0.1 ppm. 
4. Prepare stock solution in concentration of 10 mg/L, 10 mg/L, 1.0 mg/L and 
0.1mg/L in flasks by using 1000 ppm ammonia standard solution. 
5. Change the mode of the meter to “Activity”. 
6. Pour the 10 ppm solution into a rinsed beaker, and put the beaker with stir 
bar inside on stir plate. 
7. Rinse the probe, wipe, and place in the beaker. 
       8. Add 2.0 ISA solution to the beaker and press “Read”. 
       9. Press “Cal 1” when number stabilizes. 
       10. Press “Clear”, remove the probe, rinse, wipe, and place in pH 4 buffer.  
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       11. Put beaker containing 10 ppm dilution on the stir plate with stir bar. 
       12. Repeat step 7 – 10, except by changing “Cal 1”to “Cal 2” in step 9. 
       13. Put beaker containing 1.0 ppm dilution on the stir plate with stir bar. 
       14. Repeat step 7 – 10, except by changing “Cal 1”to “Cal 3” in step 9. 
       15. Press “Clear”, then “Slope”. The number should read -57.00. If the 
reading   
       deviates considerably ((<60 or >-50), check dilutions, check the trouble 
shooting  
       section of ammonia probe users’ manual, and recalibrate. 
 
6.0 READING SAMPLES 
       1. Warm up samples to approximately 20°C. 
       2. Rinse beaker with MilliQ water and add 100 mL of samples. 
       3. Place beaker on stir plate and stir without creating a vortex. Place probe in 
beaker. 
       4. Add 2.0 mL ISA to the sample and press “Read” 
       5. Record reading after number stabilizes.  
       6. Press “Clear”. Remove the probe, rinse, and wipe and place in the pH 4 
buffer. 
       7. Repeat step 2-6 for each sample. 
       8. When samples are completed, rinse and wipe the probe. Place the probe in 
the   
       ammonia stock standard and turn off equipment. 
 
7.0 QUALITY CONTROL CHECKS AND ACCEPTACE CRETERIA 




Title: Method for Measuring Total Nitrogen in Water Samples (Hach Persulfate 
Digestion Method) 
Yun Song, D. Alexander Beebe 
1.0 Objective 
This method covers the determination of various species of nitrogen compounds, 
excluding nitrogen gas. 
2.0 HEALTH AND SAFETY 
Proper lab attire, including scrubs, lab coat, gloves and safety glasses must be worn at all 
times. 
3.0 PERSONAL/TRAINING/RESPONSIBILITIES 
Any graduate research assistant familiar with the equipment and laboratory techniques 
and trained in this reference SOPs may perform this procedures. 
4.0 REQUIRED AND RECOMMENDED MATERIALS 
4.1 Apparatus and supplies 
Test ‘N TubeTM HR Total Nitrogen Reagent Set (2 to 150mg/L N) 
Total nitrogen standard solution 100 ppm 
Pipette 500-2500uL plus tips 
Test Tube Cooling Rack 
Heating reactor 
4.2 Calibration 
1. Turn on the reactor and heat to 105° 
2. Prepare dilute solution for total nitrogen by using total nitrogen standard solution. 
Concentrations prepared are: 30 ppm, 20 ppm, 10 ppm, 5ppm. 
3. Add the contents of one Total Nitrogen Persulfate Reagent Power Pillow to each 
of two HR Total Nitrogen Hydroxide Digestion Reagent vials. 
4. Add 2mL of dilution to one vial. Add 2mL of deionized water to a second 
vial(this is the reagent blank) 
5. Cap both vials. Shake vigorously for at least 30 seconds to mix. 
6. Insert the vials in the reactor and heat for exactly 30 minutes. 
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7. Use finger cots, immediately remove the hot vials from the reactor. Cool the vials 
to room temperature. 
8. Remove the caps from the digested vials and add the contents of one Total 
Nitrogen (TN) Reagent A Powder Pillow to each vial. 
9. Cap the tubes and shake for 15 seconds. 
10. A three-minute reaction period will begin. 
11. After the timer expires, remove the caps from the vials and add one TN Reagent B 
Powder Pillow to each vial. 
12. Cap the tubes and shake for 15 seconds. The reagent will not completely dissolve. 
The solution will begin to turn yellow. 
13. A two minute reaction period will begin. 
14. After the time expires, pipit 2mL of digested, treated sample into one TN Reagent 
C vial. Then add 2 mL of digested, treated reagent blank to the second TN reagent 
C vial. 
15. Cap the vials and invert ten times to mix. The tube will be warm to touch. 
16. A five minute reaction period will begin. 
17. Transfer the solution to small plastic cubes come with the spectrometer 
18. Set the wave length to 410nm on the spectrometer 
19. Insert the cube with the dionized water into the spectrometer, and cover the lid 
20. Press the button ‘Set blank’, the reading should be 0.00A 
21. Take out the cube with the dionized water, insert the cube with blank reagent, 
cover the lid, and take the reading when it gets stable. 
22. Repeat with the dilutions, take the reading. 
23. Turn off the spectrometer when finish all the measurement. 
24. Plot the total nitrogen concentrations and spectrometer readings in excel, add 
trend line and read the slope. 
 
5.0 READING SAMPLES 
1. Repeat steps 3-22 in calibration part, replace dilution with samples.  
2. Use the slope calculated form step 24 in calibration part and spectrometer 
readings to calculate the total nitrogen concentration for samples. 
6.0 QUALITY CONTROL CHECKS AND ACCEPTACE CRETERIA 




Title: Method for Measuring Nitrate in Water Samples (Hach Cadmium Reduction 
Method) 
Yun Song, D. Alexander Beebe 
1.0 Objective 
Nitrates in water can be a potential health risk, particularly to infants who have not yet 
developed a tolerance to nitrate. This method use cadmium reduction to measure the 
concentration of nitration. 
2.0 HEALTH AND SAFETY 
Proper lab attire, including scrubs, lab coat, gloves and safety glasses must be worn at all 
times. 
3.0 PERSONAL/TRAINING/RESPONSIBILITIES 
Any graduate research assistant familiar with the equipment and laboratory techniques 
and trained in this referenced SOPs may perform this procedures. 
4.0 REQUIRED AND RECOMMENDED MATERIALS 
4.1 Apparatus and supplies 
NitraVer 5 Nitrate Reagent AccuVac Ampul (0.3 to 30.0 mg/L NO3-N) 
Nitrate standard 100 ppm 
Sample vials, 10ml with caps 
Pipette 500-2500uL plus tips 
Test Tube Cooling Rack 
Clean cuvette 
4.2 Calibration 
1.  Prepare dilute solution for nitrate by using nitrate standard solution.     
Concentrations prepared are: 30 ppm, 20 ppm, 10 ppm, 5ppm. 
2.   Fill a clean vial with 10ml of dilution. 
3. Add the contents of one NitraVer 5 Nitrate REAGENT Powder Pillow, cape 
the vial. 
4. Start the instrument timer with one-minute reaction time. 
5. Shake the vial vigorously until the timer expires. 
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6. When the timer expires, start timer again. A five-minute reaction period will 
begin. 
7. Blank preparation: fill another sample vial with 10ml of sample. 
8. Pipit blank to a, wipe curvet, insert to spectrometer. 
9. Set wavelength for spectrometer to 500nm, zero the instrument by pressing “0 
absorbance” button. 
10. Within one minute after the timer expires, wipe the prepared sample and insert 
it into the spectrometer. 
11. Read the result of absorbance. 
12. Repeat steps 2-11 for all dilutions. 
13. Turn off the spectrometer when finish all the measurement. 
14. Plot the nitrate concentrations and spectrometer readings in excel, add trend 
line and read the slope. 
 
5.0 READING SAMPLES 
1. Repeat steps 2-11 in calibration part, replace dilution with samples.  
2. Use the slope calculated form step 14 in calibration part and spectrometer 
readings to calculate the nitrate concentration for samples. 
 
6.0 QUALITY CONTROL CHECKS AND ACCEPTACE CRETERIA 
All procedures are subject to review by Quality Assurance Unit. 
 
 
 
 
 
